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Preface to the 
Fourth Edition 


This book first appeared in 1925. The basic principles of 
relativity have not changed since then, but both the theory 
and its applications have been much extended, and some 
revision has been necessary for the second and subsequent 
editions. For the second and third editions I carried out these 
revisions with Bertrand Russell’s approval. The revisions for 
this fourth edition are entirely my responsibility. I have again 
altered a number of passages to agree with present knowledge 
or opinion, and I have attempted to eliminate the possessive 
case, as applied to laws or theories, where it seemed to me 
no longer appropriate. 

I have also done my best to renounce the convention that 
the masculine includes the feminine. Sixty years ago this may 
have been acceptable, or at least tolerated; now it is no longer 
so,‘and I have little doubt that Russell, who was a pro-feminist 
ahead of his time, would have approved of the renunciation. 

I have not presumed to meddle with the substance of the 
last two chapters, which are largely philosophical, rather than 
physical, in character, although there is much in them which 
I disagree with. 
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Chapter 1 


Touch and Sight: 
The Earth and the 
Heavens 


Everybody knows that Einstein did something astonishing, 
but very few people know exactly what it was. It is generally 
recognised that he revolutionised our conception of the 
physical world, but the new conceptions are wrapped up in 
mathematical technicalities. It is true that there are 
innumerable popular accounts of the theory of relativity, but 
they generally cease to be intelligible just at the point where 
they begin to say something important. The authors are 
hardly to blame for this. Many of the new ideas can be 
expressed in non-mathematical language, but they are none 
the less difficult on that account. What is demanded is a 
change in our imaginative picture of the world — a picture 
which has been handed down from remote, perhaps pre- 
human, ancestors, and has been learned by each one of us 
in early childhood. A change in our imagination is always 
difficult, especially when we are no longer young. The 
same sort of change was demanded by Copernicus, who 
taught that the earth is not stationary and the heavens do 
not revolve about it once a day. To us now there is no 
difficulty in this idea, because we learned it before our mental 
habits had become fixed. Einstein’s ideas, similarly, will 
Seem easier to generations which grow up with them; but 
for us a certain effort of imaginative reconstruction is 
unavoidable. 
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In exploring the surface of the earth, we make use of all 
Our senses, more particularly of the senses of touch and sight. 
In measuring lengths, parts of the human body are employed 
in pre-scientific ages: a ‘foot’, a ‘cubit’, a ‘span’ are defined 
in this way. For longer distances, we think of the time it takes 
to walk from one place to another. We gradually learn to 
judge distance roughly by the eye, but we rely upon touch 
for accuracy. Moreover it is touch that gives us our sense 
of ‘reality’. Some things cannot be touched: rainbows, 
reflections in looking-glasses, and so on. These things puzzle 
children, whose metaphysical speculations are arrested by 
the information that what is in the looking-glass is not ‘real’. 
Macbeth’s dagger was unreal because it was not ‘sensible to 
feeling as to sight’. Not only our geometry and physics, but 
our whole conception of what exists outside us, is based upon 
the sense of touch. We carry this even into our metaphors: 
a good speech is ‘solid’, a bad speech is ‘gas’, because we 
feel that a gas is not quite ‘real’, 

In studying the heavens, we are debarred from all senses 
except sight. We cannot touch the sun, or apply a foot-rule 
to the Pleiades. Nevertheless, astronomers have unhesitatingly 
applied the geometry and physics which they found 
serviceable on the surface of the earth, and which they had 
based upon touch and travel. In doing so, they brought down 
trouble on their heads, which was not cleared up until 
relativity was discovered. It turned out that much of what 
had been learned from the sense of touch was unscientific 
Prejudice, which must be rejected if we are to have a true 
Picture of the world. 

An illustration may help us to understand how much is 
impossible to the astronomer as compared with someone who 
is interested in things on the surface of the earth. Let us 
suppose that a drug is administered to you which makes you 


temporarily unconscious, and that when you wake you have 
lost your memory but n : 
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suppose further that while you were unconscious you were 
carried into a balloon, which, when you come to, is sailing 
with the wind on a dark night — the night of the fifth of 
November if you are in England, or of the fourth of July 
if you are in America. You can see fireworks which are being 
sent off from the ground, from trains, and from aeroplanes 
travelling in all directions, but you cannot see the ground 
or the trains or the aeroplanes because of the darkness. What 
sort of picture of the world will you form? You will think 
that nothing is permanent: there are only brief flashes of light, 
which, during their short existence, travel through the void 
in the most various and bizarre curves. You cannot touch 
these flashes of light, you can only see them. Obviously your 
geometry and your physics and your metaphysics will be quite 
different from those of ordinary mortals. If an ordinary mortal 
were with you in the balloon, you would find his speech 
unintelligible. But if Einstein were with you, you would 
understand him more easily than the ordinary mortal would, 
because you would be free from a host of preconceptions 
which prevent most people from understanding him. 
The theory of relativity depends, to a considerable extent, 
upon getting rid of notions which are useful in ordinary life 
but not to our drugged balloonist. Circumstances on the 
surface of the earth, for various more or less accidental 
Teasons, suggest conceptions which turn out to be inaccurate, 
although they have come to seem like necessities of thought. 
he most important of these circumstances is that most 
objects on the earth’s surface are fairly persistent and nearly 
Stationary from a terrestrial point of view. If this were not 
the case, the idea of going on a journey would not seem so 
definite as it does. If you want to travel from King’s Cross 
to Edinburgh, you know that you will find King’s Cross 
where it has always been, that the railway line will take the 
Course that it did when you last made the journey, and that 
averley Station in Edinburgh will not have walked up to 
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the Castle. You therefore say and think that you have travelled 
to Edinburgh, not that Edinburgh has travelled to you, 
though the latter statement would be just as accurate. The 
success of this common-sense point of view depends upon 
a number of things which are really of the nature of luck. 
Suppose all the houses in London were perpetually moving 
about, like a swarm of bees; suppose railways moved and 
changed their shapes like avalanches; and finally suppose that 
material objects were perpetually being formed and dissolved 
like clouds. There is nothing impossible in these suppositions. 
But obviously what we call a journey to Edinburgh would 
have no meaning in such a world. You would begin, no doubt, 
by asking the taxi-driver: ‘Where is King’s Cross this 
morning?’ At the station you would have to ask a similar 
. question about Edinburgh, but the booking-office clerk would 
reply: ‘What part of Edinburgh do you mean? Prince’s Street 
has gone to Glasgow, the Castle has moved up into the 
Highlands, and Waverley Station is under water in the middle 
of the Firth of Forth.’ And on the journey the stations would 
not be staying quiet, but some would be travelling north, 
some south, some east or west, perhaps much faster than the 
train. Under these conditions you could not say where you 
were at any moment. Indeed the whole notion that one is 
always in some definite ‘place’ is due to the fortunate 
immobility of most of the large objects on the earth’s surface. 
The idea of ‘place’ is only a rough practical approximation: 
there is nothing logically necessary about it, and it cannot 
be made precise. 

If we were not much larger than an electron, we should 
not have this impression of stability, which is only due to 
the grossness of our senses. King’s Cross, which to us looks 
solid, would be too vast to be conceived except by a few 
eccentric mathematicians. The bits of it that we could see 
would consist of little tiny points of matter, never coming 
into contact with each other, but perpetually whizzing round 
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each other in an inconceivably rapid ballet-dance. The world 
of our experience would be quite as mad as the one in which 
the different parts of Edinburgh go for walks in different 
directions. If — to take the opposite extreme — you were 
as large as the sun and lived as long, with a corresponding 
slowness of perception, you would again find a higgledy- 
piggledy universe without permanence — stars and planets 
would come and go like morning mists, and nothing would 
remain in a fixed position relatively to anything else. The 
notion of comparative stability which forms part of our 
ordinary outlook is thus due to the fact that we are about 
the size we are, and live on a planet of which the surface 
is not very hot. If this were not the case, we should not find 
pre-relativity physics intellectually satisfying. Indeed we 
should never have invented such theories. We should have 
had to arrive at relativity physics at one bound, or remain 
ignorant of scientific laws. It is fortunate for us that we were 
not faced with this alternative, since it is almost inconceivable 
that one person could have done the work of Euclid, Galileo, 
Newton and Einstein. Yet without such an incredible genius 
physics could hardly have been discovered in a world where 
the universal flux was obvious to non-scientific observation. 

In astronomy, although the sun, moon and stars continue 
to exist year after year, yet in other respects the world we 
have to deal with is very different from that of everyday life. 
As already observed, we depend exclusively on sight: the 
heavenly bodies cannot be touched, heard, smelt or tasted. 
Everything in the heavens is moving relatively to everything 
else. The earth is going round the sun, the sun is moving, 
very much faster than an express train, towards a point in 
the constellation Hercules, the ‘fixed’ stars are scurrying 
hither and thither. There are no well-marked places in the 
sky, like King’s Cross and Edinburgh. When you travel from 
Place to place on the earth, you say the train moves and not 
the stations, because the stations preserve their topographical 
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relations to each other and the surrounding country. But in 
astronomy it is arbitrary which you call the train and which 
the station: the question is to be decided purely by 
convenience and as a matter of convention. 

In this respect, it is interesting to contrast Einstein and 
Copernicus. Before Copernicus, people thought that the earth 
stood still and the heavens revolved about it once a day. 
Copernicus taught that ‘really’ the earth rotates once a day, 
and the daily revolution of sun and Stars is only ‘apparent’. 
Galileo and Newton endorsed this view, and many things 
were thought to prove it — for example, the flattening of 
the earth at the poles, and the fact that bodies are heavier 
there than at the equator. But in the modern theory the 
question between Copernicus and earlier astronomers is 
merely one of convenience; all motion is relative, and there 
is no difference between the two statements: ‘the earth rotates 


s accounts are easier in decimal 
more for Copernicus is to assume absolute 
motion, which is a fiction. All motion is relative, and it is 


a mere convention to take one body as at rest. All such 
conventions are equally legitimate, though not all are equally 
convenient. 

There is another matter of great importance, in which 
astronomy differs from terrestrial physics because of its 
exclusive dependence upon sight. Both popular thought and 
old-fashioned physics used the notion of ‘force’, which seemed 
intelligible because it was associated with familiar sensations. 
When we are walking, we have sensations connected with 
our muscles which we do not have when we are sitting still. 
In the days before mechanical traction, although people could 
travel by sitting in their carriages, they could see the horses 


Touch and Sight 15 


exerting themselves, and evidently putting out ‘force’ in the 
same way as human beings do. Everybody knew from 
experience what it is to push or pull, or to be pushed or 
pulled. These very familiar facts made ‘force’ seem a natural 
basis for dynamics. But the Newtonian law of gravitation 
introduced a difficulty. The force between two billiard balls 
appeared intelligible because we know what it feels like to 
bump into another person; but the force between the earth 
and the sun, which are ninety-three million miles apart, was 
mysterious. Even Newton regarded this ‘action at a distance’ 
as impossible, and believed that there was some hitherto 
undiscovered mechanism by which the sun’s influence was 
transmitted to the planets. However, no such mechanism was 
discovered, and gravitation remained a puzzle. The fact is 
that the whole conception of ‘gravitational force’ is a mistake. 
The sun does not exert any force on the planets; in the 
relativity law of gravitation, the planet only pays attention 
to what it finds in its own neighbourhood. The way in which 
this works will be explained in a later chapter; for the present 
we are only concerned with the necessity of abandoning the 
notion of ‘gravitational force’, which was due to misleading 
conceptions derived from the sense of touch. 

As physics has advanced, it has appeared more and more 
that sight is less misleading than touch as a source of 
fundamental notions about matter. The apparent simplicity 
In the collision of billiard balls is quite illusory. As a matter 
of fact the two billiard balls never touch at all; what really 
happens is inconceivably complicated, but is more analogous 
to what happens when a comet enters the solar system and 
80€s away again than to what common sense supposes to 
happen. 

Most of what we have said hitherto was already recognised 

Y physicists before the theory of relativity was invented. 
t was generally held that motion is a merely relative 
Phenomenon ~ that is to say, when two bodies are changing 
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their relative position, we cannot say that one is moving while 
the other is at rest, 


in their relation to each other. But a great labour was required 
in order to bring th 
with these new convictions. The technical methods of the 


old physics embodied the ideas of gravitational force and of 
absolute space an 


from the old ass 
ideas of space a’ 
This is what m: 


Chapter 2 


What Happens and 
What is Observed 


A certain type of superior person is fond of asserting that 
“everything is relative’. This is, of course, nonsense, because, 
if everything were relative, there would be nothing for it to 
be relative to. However, without falling into metaphysical 
absurdities it is possible to maintain that everything in the 
physical world is relative to an observer. This view, true or 
Not, is nor that adopted by the ‘theory of relativity’. Perhaps 
the name is unfortunate; certainly it has led philosophers and 
uneducated people into confusions. They imagine that the 
new theory proves everything in the physical world to be 
Telative, whereas, on the contrary, it is wholly concerned to 
exclude what is relative and arrive at a statement of physical 
laws that shall in no way depend upon the circumstances 
of the observer, It is true that these circumstances have been 
found to have more effect upon what appears to the observer 
than they were formerly thought to have, but at the same 
ume the theory of relativity shows how to discount this effect 
completely. This is the source of almost everything that is 
Surprising in the theory. 

hen two observers perceive what is regarded as one 
Occurrence, there are certain similarities, and also certain 
differences, between their perceptions. The differences are 
obscured by the requirements of daily life, because from a 
Practical point of view they are as a rule unimportant. But 
both Psychology and physics, from their different angles, are 
compelled to emphasise the respects in which one person’s 
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perception of a given occurrence differs from another’s. Some 
of these differences are due to differences in the brains or 
minds of the observers, some to differences in their sense- 
organs, some to differences of physical situation: these three 
Kinds may be called respectively psychological, physiological 
and physical. A remark made in a language we know will 
be heard, whereas an equally loud remark in an unknown 
language may pass entirely unnoticed. Of two travellers in 
the Alps, one will perceive the beauty of the scenery while 
the other will notice the waterfalls with a view to obtaining 
power from them. Such differences are psychological. The 

ifferences between a long-sighted and a short-sighted person, 
or between a deaf person and someone who hears well, are 
physiological. Neither of these Kinds concerns us, and I have 


mentioned them only in order to exclude them. The kind 
that concerns us is th 


differences between tw 
the observers are replaced bi 


two people both listen to a th 
of them is nearer to the speak 
one will hear louder and slighi 
by the other. If two people both watch a tree falling, they 
see it from different angles. Both these differences would be 
shown equally by recording instruments: they are in no way 
due to idiosyncrasies in the observers, but are part of the 
ordinary course of physical nature as we experience it. 
Physicists, like ordinary people, believe that their 
perceptions give them knowledge about what is really 
occurring in the physical world, and not only about their 
private experiences. Professionally, they regard the physical 
world as ‘real’, not merely as something which human beings 
dream. An eclipse of the sun, for instance, can be observed 
by any person who is suitably situated, and is also observed 
by the photographic plates that are exposed for the purpose. 
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The physicist is persuaded that something has really 
happened over and above the experience of those who have 
looked at the sun or at photographs of it. I have emphasised 
this point, which might seem a trifle obvious, because some 
people imagine that relativity made a difference in this 
respect. In fact it has made none. 

But if the physicist is justified in this belief that a number 
of people can observe the ‘same’ physical occurrence, then 
clearly the physicist must be concerned with those features 
which the occurrence has in common for all observers, for 
the others cannot be regarded as belonging to the occurrence 
itself. At least physicists must confine themselves to the 
features which are common to all ‘equally good’ observers. 
Observers who use microscopes or telescopes are preferred 
to those who do not, because they see all that the latter see 
and more too. A sensitive photographic plate may ‘see’ still 
more, and is then preferred to any eye. But such things as 
differences of perspective, or differences of apparent size, due 
to difference of distance, are obviously not attributable to 
the object; they belong solely to the point of view of the 
Spectator. Common sense eliminates these in judging of 
objects; physics has to carry the same process much further, 
but the principle is the same. 3 

want to make it clear that I am not concerned with 
anything that can be called inaccuracy. I am concerned with 
genuine physical differences between occurrences each of 
Which is a correct record of a certain event, from its own 
point of view, When a gun is fired, people who are not quite 
close to it see the flash before they hear the report. This is 
not due to any defect in their senses, but to the fact that sound 
travels more slowly than light. Light travels so fast that, from 
the point of view of most phenomena on the surface of the 
earth, it may be regarded as instantaneous. Anything that 
We can see on the earth happens practically at the moment 
when we see it. In a second, light travels 300,000 kilometres 
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(about 186,000 miles). It travels from the sun to the earth 
in about eight minutes, and from the stars in anything from 
four years to several thousand million. Of course, we cannot 
place a clock on the sun, send out a flash of light from it 
at 12 noon, Greenwich Mean Time, and have it received at 


Methods of measu 
this procedure is us 
but to determine di 


> the speed of light has 


sed for turning distances 
into times, just as the factor 0.9144 is used to turn distances 


philosophically minded, but 
because they worked in pract 


‘secondary’ qualities — colours, noises, tastes, smells, etc. 
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= as subjective, while allowing ‘primary’ qualities — shapes 
and positions and sizes — to be genuine properties of physical 
objects. The physicist’s rules were such as would follow from 
this doctrine. Colours and noises were allowed to be 
subjective, but due to waves proceeding with a definite 
velocity — that of light or sound as the case may be — from 
their source to the eye or ear of the percipient. Apparent 
shapes vary according to the laws of perspective, but these 
laws are simple and make it easy to infer the ‘real’ shapes 
from several visual apparent shapes; moreover, the ‘real’ 
shapes can be ascertained by touch in the case of bodies in 
Our neighbourhood. The objective time of a physical 
occurrence can be inferred from the time when we perceive 
it by allowing for the velocity of transmission — of light or 
Sound or nerve currents according to circumstances. This 
was the view adopted by physicists in practice, whatever 
qualms they may have had in unprofessional moments. 
This view worked well enough until physicists became 
concerned with much greater velocities than those that are 
common on the surface of the earth. An express train travels 
about two miles in a minute; the planets travel a few miles 
in a second. Comets, when they are near the sun, travel much 
faster, but because of their continually changing shapes it 
1S impossible to determine their positions very accurately. 
Tactically, the planets were the most swiftly-moving bodies 
to which dynamics could be adequately applied. With the 
discovery of radioactivity and cosmic rays, and recently with 
the construction of high energy accelerating machines, new 
"anges of observation have become possible. Individual sub- 
atomic particles can be observed, moving with velocities not 
far Short of that of light. The behaviour of bodies moving 
With these enormous speeds is not what the old theories would 
fad us to expect. For one thing, mass seems to increase with 
Speed in a perfectly definite manner. When an electron is 
Moving very fast, a given force is found to have less effect 
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upon it than when it is moving slowly. Then reasons have 
been found for thinking that the size of a body is affected 
by its motion — for example, if you take a cube and move 
it very fast, it gets shorter in the direction of its motion, from 
the point of view of a person who is not moving with it, 
though from its own point of view (i.e. for an observer 
travelling with it) it remains just as it was. What was still 
more astonishing was the discovery that lapse of time depends 
on motion; that is to say, two perfectly accurate clocks, one 
of which is moving very fast relatively to the other, will not 
continue to show the same time if they come together again 
after a journey. This is too small an effect to have been tested 
directly so far, but it should be possible to test it if we ever 
succeed in developing interstellar travel, for then we shall 
be able to make journeys long enough for this ‘time 
dilatation’, as it is called, to become quite appreciable. 

There is some direct evidence for the time dilatation, but 

it is found in a different way. This evidence comes from 
observations of cosmic rays, which consist of a variety of 
atomic particles coming from outer space and moving very 
fast through the earth’s atmosphere. Some of these particles, 
called mesons, disintegrate in flight, and the disintegration 
can be observed. It is found that the faster a meson is moving, 
the longer it takes to disintegrate, from the point of view of 
a scientist on the earth. It follows from results of this kind 
that what we discover by means of clocks and foot-rules, 
which used to be regarded as the acme of impersonal science, 
is really in part dependent upon our private circumstances, 
i.e. upon the way in which we are moving relatively to the 
bodies measured. 

This shows that we have to draw a different line from that 
which is customary in distinguishing between what belongs 
to the observer and what belongs to the occurrence which 
is being observed. If you put on blue spectacles, you know 
that the blue look of everything is due to the spectacles, and 
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does not belong to what you are looking at. But if you observe 
two flashes of lightning, and note the interval of time between 
your observations; if you know where the flashes took place, 
and allow, in each case, for the time the light takes to reach 
you — in that case, if your chronometer is accurate, you may 
naturally think that you have discovered the actual interval 
of time between the two flashes, and not something merely 
personal to yourself. You will be confirmed in this view by 
the fact that all other careful observers to whom you have 
access agree with your estimates. This, however, is only due 
to the fact that all of you are on the earth, and share its 
motion. Even two observers in spacecraft moving in opposite 
directions would have at the most a relative velocity of about 
35,000 miles an hour, which is very little in comparison with 
186,000 miles a second (the velocity of light). If an electron 
with a velocity of 170,000 miles a second could observe the 
time between the two flashes, it would arrive at a quite 
different estimate, after making full allowance for the velocity 
of light. How do you know this? the reader may ask. You 
are not an electron, you cannot move at these terrific speeds, 
NO scientist has ever made the observations which would 
Prove the truth of your assertion. Nevertheless, as we shall 
See in the sequel, there is good ground for the assertion — 
8round, first of all, in experiment, and — what is remarkable 
~ ground in reasonings which could have been made at any 
time, but were not made until experiments had shown that 
the old Teasonings must be wrong. bA 
here is a general principle to which the theory of relativity 
aPpeals, which turns out to be more powerful than anybody 
Would suppose. If you know that one person is twice as rich 
aS another, this fact must appear equally whether you estimate 
the wealth of both in pounds or dollars or francs or any other 
currency, The numbers representing their fortunes will be 
changed, but one number will always be double the other. 
The same sort of thing, in more complicated forms, reappears 
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in physics. Since all motion is relative, you may take any body 
you like as your standard body of reference, and estimate 
all other motions with reference to that one. If you are in 
a train and walking to the dining-car, you naturally, for the 
moment, treat the train as fixed and estimate your motion 
in relation to it. But when you think of the journey you are 
making, you think of the earth as fixed, and say you are 
moving at the rate of sixty miles an hour. An astronomer 
who is concerned with the solar system takes the sun as fixed, 
and regards you as rotating and revolving; in comparison with 
this motion, that of the train is so slow that it hardly counts. 
tellar universe may 
the average of the 
ways of estimating 
er; each is perfectly 
-body is assigned. Now just 
different currencies without 


is single principle is the 
theory of relativity. 
egarded as the spatial and 
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temporal properties of physical occurrences are found to be 
in large part dependent upon the observer; only a residue 
can be attributed to the occurrences in themselves, and only 
this residue can be involved in the formulation of any physical 
law which is to have an a priori chance of being true. Einstein 
found ready to hand an instrument of pure mathematics, 
called the theory of tensors, in terms of which to express laws 
embodying the objective residue and agreeing approximately 
with the old laws. Where the predictions of relativity theory 
differ from the old ones, they have hitherto proved more in 
accord with observation. 

If there were no reality in the physical world, but only a 
number of dreams dreamed by different people, we should 
Not expect to find any laws connecting the dreams of one 
Person with the dreams of another. It is the close connection 
between the perceptions of one person and the (roughly) 
Simultaneous perceptions of another that makes us believe 
in a common external origin of the different related 
Perceptions, Physics accounts both for the likenesses and for 
the differences between different people’s perceptions of what 
We call the ‘same’ occurrence. But in order to do this it is 
first Necessary for the physicist to find out just what are the 
likenesses, They are not quite those traditionally assumed, 

€cause neither space nor time separately can be taken as 
Strictly objective. What is objective is a kind of mixture of 
the two called ‘space-time’. To explain this is not easy, but 
the attempt must be made; it will be begun in the next 
chapter, 


Chapter 3 


The Velocity of Light 


Most of the curious things in the theory of relativity are 
connected with the velocity of light. The reader will be unable 
to grasp the reasons for such a serious theoretical 


Teconstruction without some idea of the facts which made 
the old system break down. 


The fact that light is transmitte 
was first established b 
moons are sometimes 
calculate the times wh 
that when Jupiter was 


d with a definite velocity 
y astronomical observations. Jupiter’s 
eclipsed by Jupiter, and it is easy to 
en this ought to occur. It was found 
near the earth an eclipse of one of the 
tved a few minutes earlier than was 


velocity, so that what we observe to be ha 
really happened a little while ago — 
is distant than when it is near. Just t 
was found to account for similar fact 
of the solar system. It was therefo 
vacuo always travels at a certain co 
300,000 kilometres a second. (A 
eighths of a mile.) When it beca 
consists of waves, this velocity was that of Propagation of 
waves in the aether — at least they used to be in the aether, 
but now the aether has been given up, though the waves 
remain. This same velocity is that of radio waves (which are 
like light-waves, only longer) and of X-rays (which are like 
light-waves, only shorter). It is generally held nowadays to 


Ppening in Jupiter 
longer ago when Jupiter 
he same velocity of light 
s in regard to other parts 
Te accepted that light in 
nstant rate, almost exactly 

Kilometre is about five- 
me established that light 
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be the velocity with which gravitation is propagated (before 
the discovery of relativity theory, it was thought that 
gravitation was propagated instantaneously, but this view is 
now untenable). 

So far, all is plain sailing. But as it became possible to make 
more accurate measurements, difficulties began to 
accumulate. The waves were supposed to be in the aether, 
and therefore their velocity ought to be relative to the aether. 
Now since the aether (if it exists) clearly offers no resistance 
to the motions of the heavenly bodies, it would seem natural 
to suppose that it does not share their motion. If the earth 
had to push a lot of aether before it, in the sort of way that 
a steamer pushes water before it, one would expect a 
resistance on the part of the aether analogous to that offered 
by the water to the steamer. Therefore the general view was 
that the aether could pass through bodies without difficulty, 
like air through a coarse sieve, only more so. If this were 
the case, then the earth in its orbit must have a velocity 
relative to the aether. If, at some one point of its orbit, it 
happened to be moving exactly with the aether, it must at 
other points be moving through it all the faster. If you go 
for 4 circular walk on a windy day, you must be walking 
against the wind part of the way, whatever wind may be 
blowing; the principle in this case is the same. It follows that, 
if you choose two days six months apart, when the earth in 
its orbit is moving in exactly opposite directions, it must be 
Moving against an aether-wind on at least one of these days. 

Now if there is an aether wind, it is clear that, relatively 
to an observer on the earth, light-signals will seem to travel 
faster with the wind than across it, and faster across 1t than 
against it. This is what Michelson and Morley set themselves 
to test by their famous experiment. They sent out light-signals 
în two directions at right angles; each was reflected from a 
mirror, and came back to the place from which both had been 
Sent out. Now anybody can verify, either by trial or bya 
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ger to row a given distance 
On a river up-stream and then back again, than it takes to 


the stream and back again. 
Therefore, if there were an aether wind, one of the two light- 
in the aether, ought to have 
at a slower average rate than 


y tried the experiment, they 
tried it in various Positions, they tried it again later, Their 


petitions made doubt impossible. 
he experiment was first made as long ago as 1881, and was 


ation in 1887. But it was many 
ghtly interpreted, 


Lorentz, and now kno 
hypothesis. 


According to this hypothesis, 
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motion would be shorter than the same foot-rule placed at 
right angles to the earth’s motion. This point of view 
resembles nothing so much as the White Knight’s ‘plan to 
dye one’s whiskers green, and always use so large a fan that 
they could not be seen’. The odd thing was that the plan 
worked well enough. Later on, when Einstein propounded 
the special theory of relativity (1905), it was found that the 
hypothesis was in a certain sense correct, but only in a certain 
Sense. That is to say, the supposed contraction is not a 
Physical fact, but a result of certain conventions of 
Measurement which, when once the right point of view has 
been found, are seen to be such as we are almost compelled 
to adopt. But I do not wish yet to set forth Einstein’s solution 
to the puzzle. For the present, it is the nature of the puzzle 
itself that I want to make clear. 

On the face of it, and apart from hypotheses ad hoc, the 
Michelson-Morley experiment (in conjunction with others) 
showed that, relatively to the earth, the velocity of light is 
the Same in all directions, and that this is equally true at all 
times of the year, although the direction of the earth’s motion 
is always changing as it goes round the sun. Moreover it 
appeared that this is not a peculiarity of the earth, but is true 
of all bodies: if a light-signal is sent out from a body, that 

Ody will remain at the centre of the waves as they travel 
ae no matter how it may be moving — at least that 

ill be the view of observers moving with the body. This 
va the plain and natural meaning of the experiments, and 

instein succeeded in inventing a theory which accepted it. 

Ut at first it was thought logically impossible to accept this 
Plain and natural meaning. 
ate H4 illustrations will make it clear how very odd the aw 
peo l hen a shell is fired, it moves faster than sound: the 
are ha tat, Whom it is fired first see the flash, then (if they 
Itis ‘Ucky) see the shell go by, and last of all hear the report. 

clear that if anyone could travel with the shell, they would 
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never hear the report, as the shell would burst and kill them 
before the sound had overtaken it. But if sound worked on 
the same principles as light, they would hear everything just 
as if they were at rest. In that case, if a screen, suitable for 
producing echoes, were attached to the shell and travelling 
with it, say a hundred yards in front of it, they would hear 
the echo of the report from the screen after just the same 


interval of time as if they and the shell were at rest. This, 
of course, is an experi 


others whic 


from a place farther 


ne on the bank fire a gun. If the 
he echo, the passengers will hear 
rson on the bank; if it is travelling 
they will hear it later, But these 
tances of the Michelson—Morley 
in that experiment correspond to 
and the mirrors are moving with the earth, so the 
echo ought to move with the train. Let us suppose that the 
shot is fired from the guard’s-van, and the echo comes from 
a screen on the engine. We will suppose the distance from 
the guard’s-van to the engine to be the distance that sound 


can travel in a second (about one-fifth of a mile), and the 
speed of the train to be one 


(about sixty miles an hour). 
which can be Perfor: 


€ guard after two seconds however 
travelling. 
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Various other illustrations will help to show how 
extraordinary — from the point of view of tradition and 
common sense — are the facts about the velocity of light. 
Every one knows that if you are on an escalator you reach 
the top sooner if you walk up than if you stand still. But 
if the escalator moved with the velocity of light (which it 
does not do even in New York), you would reach the top 
at exactly the same moment whether you walked up or stood 
still. Again: if you are walking along a road at the rate of 
four miles an hour, and a motor-car passes you going in the 
same direction at the rate of forty miles an hour, if you and 
the motor-car both keep going the distance between you after 
an hour will be thirty-six miles. But if the motor-car met you, 
going in the opposite direction, the distance after an hour 
would be forty-four miles. Now if the motor-car were 
travelling with the velocity of light, it would make no 
difference whether it met or passed you: in either case, it 
would, after a second, be 186,000 miles from you. It would 
also be 186,000 miles from any other motor-car which 
happened to be passing or meeting you less rapidly at the 
previous second. This seems impossible: how can the car be 
at the same distance from a number of different points along 
the road? 

Let us take another illustration. When a fly touches the 
surface of a stagnant pool, it causes ripples which move 
outwards in widening circles. The centre of the circle at any 
moment is the point of the pool touched by the fly. If the 
fly moves about over the surface of the pool, it does not 
remain at the centre of the ripples. But if the ripples were 
waves of light, and the fly were a skilled physicist, it would 
find that it always remained at the centre of the ripples, 
however it might move. Meanwhile a skilled physicist sitting 
beside the pool would judge, as in the case of ordinary ripples, 
that the centre was not the fly, but the point of the pool 
touched by the fly. And if another fly had touched the water 
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at the same spot at the same Moment, it also would find that 


it remained at the centre of the ripples, even if it separated 
itself widely from the first fly. This i 


the aether; the fly corresponds to the earth; the contact of 
the fly and the Pool corresponds to the light-signal which 
Messrs Michelson and Morley sent out; and the ripples 
correspond to the light-waves. , 
Such a state of affairs seems, at first sight, quite impossible. 
Tt is no wonder that, although the Michelson—Morley 
i 1881, it was not rightly interpreted 
hat, exactly, we have been saying. 
he pedestrian and the motor-car. 


> although the travellers will not any longer 
be all in the same place. At the end ofa second by your watch 
it will be 186,000 miles from you, and it will also be 186,000 
miles from any of the people who met you when it was sent 
Out, after a second by their watches, even if they were moving 


in the Opposite direction — assuming both to be perfect 
watches. How can this be? 


There is only one wa 
is, to assume that watch 


uracy in Construction; I mean 
uch more fundamental. I mean that, if 


has elapsed between two events, and 
if you base this asse lly careful measurements 
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may judge that the time was more or less than an hour. You 
Cannot say that one is right and the other wrong, any more 
than you could if one used a clock showing Greenwich time 
and another a clock showing New York time. How this comes 
about, I shall explain in the next chapter. 

There are other curious things about the velocity of light. 
One is, that no material body can ever travel as fast as light, 
however great may be the force to which it is exposed, and 
however long the force may act. An illustration may help 
to make this clear. At exhibitions one sometimes sees a series 
of moving platforms, going round and round in a circle. The 
Outside one goes at four miles an hour; the next goes four 
miles an hour faster than the first; and so on. You can step 
across from each to the next, until you find yourself going 
at a tremendous pace. Now you might think that, if the first 
Platform does four miles an hour, and the second does four 
miles an hour relatively to the first, then the second does 
fa miles an hour relatively to the ground. This is an error; 
ca 3 s a little less, though so little less that not even the most 

Teful measurements could detect the difference. I want to 
make quite clear what it is that I mean. Suppose that, in the 
oe when the apparatus is just about to start, you paint 
each line on the ground and another one opposite 1t on 
mark the first two platforms. Then you stand by the white 
iator the first platform and travel with it. The first 
to the m moves at the rate of four miles an hour with respect 
of fo &round, and the second platform moves at the rate 
miles a miles an hour with respect to the first. Four 
your Ya n hour is 352 feet in a minute. After a minute by 
0 the a you note the position on your platform opposite 
on ite mark on the ground behind you, and the position 

ae Platform, and on the ground, opposite to the white 
aae me second platform in front of you. Then you 
Platfo the distances round to the two positions on your 
rm. You find that each distance is 352 feet. Now 


34 ABC of Relativity 


you get off the first platform onto the ground. Finally ae: 
measure the distance, on the ground, from the white mar 

you started with, round to the position which you noted, after 
One minute’s travelling, Opposite to the white mark on < 
second platform. Problem: how far apart are they? You wou i 
say, twice 352 feet, that is to say, 704 feet. But in fact it wi 

be a little less, though so little less as to be inappreciable. 
The discrepancy results from the fact that according to 
relativity theory, velocities cannot be added together by the 
traditional rules. If you had a long series of such moving 
platforms, each moving four miles an hour relatively to the 
one before it, you would never reach a point where the last 


is very small for small 
velocity increases, and 
unattainable limit. How 


all this happens, is the next topic 
with which we must deal, 


Chapter 4 
Clocks and Foot-rules 


Until the advent of the special theory of relativity, no one 
had thought that there could be any ambiguity in the 
statement that two events in different places happened at the 
same time. It might be admitted that, if the places were very 
far apart, there might be difficulty in finding out for certain 
whether the events were simultaneous, but every one thought 
the meaning of the question perfectly definite. It turned out, 
however, that this was a mistake. Two events in distant places 
may appear simultaneous to one observer who has taken all 
due precautions to insure accuracy (and, in particular, has 
allowed for the velocity of light), while another equally careful 
observer may judge that the first event preceded the second, 
and still another may judge that the second preceded the first. 
This would happen if the three observers were all moving 
rapidly relatively to each other. It would not be the case that 
one of them would be right and the other two wrong: they 
would all be equally right. The time-order of events is in 
Part dependent upon the observer; it is not always and 
altogether an intrinsic relation between the events themselves. 
Relativity theory shows, not only that this view accounts for 
the phenomena, but also that it is the one which ought to 
have resulted from careful reasoning based upon the old data. 
In actual fact, however, no one noticed the logical basis of 
the theory of relativity until the odd results of experiment 
had given a jog to people’s reasoning powers. A 
How should we naturally decide whether two events 1n 
different places were simultaneous? One would naturally say: 
they are simultaneous if they are seen simultaneously by a 
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person who is exactly halfway between them. (There is i 
difficulty about the simultaneity of two events in the sam ` 
place, such, for example, as seeing a light and hearing a noise. 

Suppose two flashes of lightning fall in two different pace 
say Greenwich Observatory and Kew Observatory. Suppos' 

that St Paul’s is halfway between them, and that the flashes 
appear simultaneous to an observer on the dome of St Paul’s. 
In that case, a person at Kew will see the Kew flash first, 
and a person at Greenwich will see the Greenwich flash first, 
because of the time taken by light to travel over the 
intervening distance. But all three, if they are ideally accurate 


observers, will judge that the two flashes were simultaneous, 
because they will make the ne 


of transmission of the li 


1 d for terrestrial physics in 
all problems in which we can ignore the fact that the earth 
moves, 


> on a foggy night two brigands shoot the 
guard and engine-driver o i 

of the train; the brigands 
victims at close quarters, A Passenger who is exactly in the 
middle of the train hears the two shots Simultaneously. You 
would say, therefore, that the two shots were simultaneous. 
But a station-master who is e 
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brigands hears the shot which kills the guard first. An 
Australian millionaire aunt of the guard and engine-driver 
(who are cousins) has left her whole fortune to the guard, 
or, should he die first, to the engine-driver. Vast sums are 
involved in the question which died first. The case goes to 
the House of Lords, and the lawyers on both sides, having 
been educated at Oxford, are agreed that either the passenger 
or the station-master must have been mistaken. In fact, both 
U perfectly well be right. The train travels away from the 
ee vs the guard, and towards the shot at the engine-driver; 
€relore the noise of the shot at the guard has farther to 
aad reaching the passenger than the shot at the engine- 
she hea home efore if the passenger is right in saying that 
must be the two reports simultaneously, the station-master 
fist: right in saying that he heard the shot at the guard 
De oe live on the earth, would naturally, in such a case, 
Test on che view of simultaneity obtained from a person at 
ut in cs earth to the view of a person travelling in a train. 
Pnb physics no such parochial prejudices are 
ave just = A physicist on a comet, if there were one, would 
Physicist À good a right to a view of simultaneity as an earthly 
Sort of wa ass but the results would differ, in just the same 
e ani as in our illustration of the train and the shots. 
there ig no © 20t any more ‘real’ in motion than the earth; 
a hip no really’ about it. You might imagine a rabbit and 
cine ce arguing as to whether people are ‘really’ large 
ne, and ; i would think its own point of view the natural 
little subst: 5 other a pure flight of fancy. There is just as 
the train ae in an argument as to whether the earth or 
defining sim really’ in motion. And therefore, when we are 
to pick ea between distant events, we have no right 
fining the choose among different bodies to be used in 
ave an ẹ point halfway between the events. All bodies 
qual right to be chosen. But if, for one body, the 
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iti e 
two events are simultaneous according to the ae 
will be other bodies for which the first precedes fe: = ED 
and still others for which the second precedes the ae - RT 
cannot therefore say unambiguously that two events in e 
places are simultaneous. Such a statement only a 
definite meaning in relation to a definite observer. It el 
to the subjective ‘part of our observation of phy 


jecti ich i into 
phenomena, not to the objective part which is to enter 
physical laws. 


between the earth and ( 
Greenwich clocks; this 


takes at that time to travel from Jupit 
half an hour; this enables i 


1A contemporary Chinese ode, after giving the day of the year 
correctly, proceeds: 
‘For the moon to 
Is but an ordinary 
Now that the sun 
How bad it is!” 


be eclipsed 
matter, 
has been eclipsed 
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clocks showed twelve midnight — a person moving rapidly 
relatively to the earth would judge differently, assuming that 
both had made the proper allowance for the velocity of light. 
And naturally the disagreement about simultaneity involves 
a disagreement about periods of time. If we judged that two 
events on Jupiter were separated by twenty-four hours, 
another person, moving rapidly relatively to Jupiter and the 
earth, might judge that they were separated by a longer time. 

The universal cosmic time which used to be taken for 
granted is thus no longer admissible. For each body, there 
is a definite time-order for the events in its neighbourhood; 
this may be called the ‘proper’ time for that body. Our own 
experience is governed by the proper time for our own-body. 
As we all remain very nearly stationary on the earth, the 
proper times of different human beings agree, and can be 
lumped together as terrestrial time. But this is only the time 
appropriate to Jarge bodies on the earth. For electrons in 
laboratories, quite different times would be wanted; it is 
because we insist upon using our own time that these particles 
seem to increase in mass with rapid motion. From their own 
point of view, their mass remains constant, and it is we who 
suddenly grow thin or corpulent. The history of a physicist 
as observed by an electron would resemble Gulliver’s travels. 

The question now arises: what really is measured by a 
clock? When we speak of a clock in the theory of relativity, 
we do not mean only clocks made by human hands: we mean 
anything which goes through some regular periodic 
performance. The earth is a clock, because it rotates once 
in every twenty-three hours and fifty-six minutes. An atom 
is a clock, because it emits light-waves of very definite 
frequencies; these are visible as bright lines in the spectrum 
of the atom. The world is full of periodic occurrences, 
and fundamental mechanisms, such as atoms, show an 
extraordinary similarity in different parts of the universe. Any 
one of these periodic occurrences may be used for measuring 
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time; the only advantage of humanly manufactured clocks 
is that the : 

the others are more accurate. Nowadays the standard of ume 
is based on the frequency ofa particular oscillation of caesium 
atoms, which is much more uniform than one based on the 
earth’s rotation. But the question remains: If cosmic time 


is abandoned, what is really measured by a clock in the wide 
sense that we have just given to the term? 


events, but another d 


derived from measurement of distances in space. Distances 
In space, like Periods 


} of time, are in general not objective 
physical facts, but partly dependent upon the observer. How 
this comes about must now be explained. 

First of all of the distance between two 


n a train travelling towards 
> WE can speak of your distance from Edinburgh 


3 f 
y are specially easy to observe. However, some 0 
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in Edinburgh, there are four hundred miles and ten hours. 
We have already seen that other observers will judge the time 
differently; it is even more obvious that they will judge the 
distance differently. An observer on the sun will think the 
motion of the train quite trivial, and will judge that you have 
travelled the distance travelled by the earth in its orbit and 
its diurnal rotation. On the other hand, a flea in the railway 
carriage will judge that you have not moved at all in space, 
but have afforded it a period of pleasure which it will measure 
by its ‘proper’ time, not by Greenwich Observatory. It cannot 
be said that you or the sun-dweller or the flea are mistaken: 
each is equally justified and is only wrong to ascribe an 
objective validity to subjective measures. The distance in 
space between two events is, therefore, not in itself a physical 
fact. But, as we shall see, there is a physical fact which can 
be inferred from the distance in time together with the 
distance in space. This is what is called the ‘interval’ in space- 
time. 

Taking any two events in the universe, there are two 
different possibilities as to the relation between them. It may 
be physically possible for a body to travel so as to be present 
at both events or it may not. This depends upon the fact 
that no body can travel as fast as light. Suppose, for example, 
that a flash of light is sent from the earth and reflected back 
from the moon. The time between the sending of the flash 
and the return of the reflection will be about two and a half 
seconds. No body could travel so fast as to be present on 
the earth during any part of those two and a half seconds 
and also present on the moon at the moment of the arr ival 
of the flash, because in order to do so the body would have 
to travel faster than light. But theoretically a body could be 
present on the earth at any time before or after those two 
and a half seconds and also present on the moon at the time 
when the flash arrived. When it is physically impossible for 
a body to travel so as to be present at both events, we shall 


42 ABC of Relativity 


. » 
Say that the interval! between the two events is Spe 
when it is physically possible for a body to be present at bot 
events, we shall say that the interval between the two eae 
is ‘time-like’. When the interval is ‘space-like’, it is eee 
for a body to move in such a way that an observer on l F 
body will judge the two events to be simultaneous. In tha 
case, the ‘interval’ between the two events is what such an 
observer will judge to be the distance in space between them. 
When the interval is ‘time-like’, a body can be present at 


i : s 
both events; in that case, the ‘interval’ between the two event 
is what an observer 


s of one light-flash — or, as Ce 
nt is the seeing of the other. In 
een the two events is zero. 


' I shall define ‘interval’ in a moment. 
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There are two forms of the theory of relativity, the special 
and the general. The former is in general only approximate, 
but becomes very nearly exact at great distances from 
gravitating matter. Whenever gravitation may be neglected, 


G 


d, and then the interval 


the special theory can be applie 
ated when we know the 


between two events can be calcul 
distance in space and the distance in time between them, 
estimated by any observer. If the distance in space is greater 
than the distance that light would have travelled in the time, 
the separation is space-like. Then the following construction 
gives the interval between the two events: Draw a line AB 
as long as the distance that light would travel in the time; 
round A describe a circle whose radius is the distance in space 
between the two events; through B draw BC perpendicular 
to AB, meeting the circle in C. Then BC is the length of 
the interval between the two events. 

When the distance is time-like, use the same figure, but 
let AC be now the distance that light would travel in the 
time, while AB is the distance in space between the two 
events, The interval between them is now the time that light 


would take to travel the distance BC. 
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Although AB and AC are different for different observers, 
BC is the same length for all observers, subject to corrections 
made by the general theory. It represents the one interval 
in ‘space-time’ which replaces the two intervals in space and 
time of the older physics. So far, this notion of interval may 
appear somewhat Mysterious, but as we proceed it will grow 


less so, and its Teason in the nature of things will gradually 
emerge. 


Chapter 5 


Space-Time 


Everybody who has ever heard of relativity knows the phrase 

space-time’, and knows that the correct thing is to use this 
phrase when formerly we should have said ‘space and time’. 
But very few people who are not mathematicians have any 
clear idea of what is meant by this change of phraseology. 
Before dealing further with the special theory of relativity, 
I want to try to convey to the reader what is involved in the 
new phrase ‘space-time’, because that is, from a philosophical 
and imaginative point of view, perhaps the most important 
of all the novelties that Einstein introduced. 

Suppose you wish to say where and when some event has 
occurred — say an explosion on an airplane — you will have 
to mention four quantities, say the latitude and longitude, 
the height above the ground, and the time. According to the 
traditional view, the first three of these give the position in 
space, while the fourth gives the position in time. The three 
quantities that give the position in space may be assigned 
in all sorts of ways. You might, for instance, take the plane 
of the equator, the plane of the meridian of Greenwich, and 
the plane of the 90th meridian, and say how far the airplane 
was from each of these planes; these three distances would 
be what are called ‘Cartesian co-ordinates’, after Descartes. 
You might take any other three planes all at right angles to 
each other, and you would still have Cartesian co-ordinates. 
Or you might take the distance from London to a point 
vertically below the airplane, the direction of this distance 
(north-east, west-south-west, Or whatever it might be), and the 
height of the airplane above the ground. There are an infinite 
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number of such ways of fixing the position in space, all 
equally legitimate; the choice between them is merely one 
of convenience. 

When people said that space had three dimensions, they 
Meant just this: that three quantities were necessary in oraa 
to specify the position ofa point in space, but that the metho 
of assigning these quantities was wholly arbitrary. ? 

With regard to time, the matter was thought to be ain 
different. The only arbitrary elements in the reckoning 0 
time were the unit, and the point of time from which the 
Teckoning started. One could reckon in Greenwich time, OF 
in Paris time, or in New York time; that made a difference 
as to the point of departure. One could reckon in seconds, 
Minutes, hours, days or years; that was a difference 
of unit. Both these Were obvious and trivial matters. 
Tresponding to the liberty of choice 

Ixing position in space. And, 1n 


Ought that the method of fixing 
Position in space and th i 


» the space and time reckonings 
ach other, If you alter the way 
> you may also alter the time- 

Ou alter the way of reckoning 
T the distance in space between two 
events. Thus space and time are no longer independent, any 
FE imensions of space are. We still need 
four quantities to determi the position of an event, but 
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we cannot, as before, divide off one of the four as quite 
independent of the other three. 

It is not quite true to say that there is no longer any 
distinction between time and space. As we have seen, there 
are time-like intervals and space-like intervals. But the 
distinction is of a different sort from that which was formerly 
assumed. There is no longer a universal time which can be 
applied without ambiguity to any part of the universe; there 
are only the various ‘proper’ times of the various bodies in 
the universe, which agree approximately for two bodies which 
are not in rapid motion, but never agree exactly except for 
two bodies which are at rest relatively to each other. 

The picture of the world which is required for this new 
State of affairs is as follows: Suppose an event E occurs to 
me, and simultaneously a flash of light goes out from me 
in all directions. Anything that happens to any body after 
the light from the flash has reached it is definitely after the 
event E in any system of reckoning time. Any event anywhere 
which I could have seen before the event E occurred to me 
is definitely before the event E in any system of reckoning 
time, But any event which happened in the intervening time 
is not definitely either before or after the event E. To make 
the matter definite: suppose I could observe a person 1n Sirius, 
and the Sirian could observe me. Anything which the Sirian 
does, and which I see before the event E occurs to me, is 
definitely before E; anything the Sirian does after seeing the 
event E is definitely after E. But anything that the Sirian 
does before seeing the event E, which I see after the event 
E has happened, is not definitely before or after E. Since 
light takes about 81/2 years to travel from Sirius to the earth, 
this gives a period of about 17 years in Sirius which may 
be called ‘contemporary’ with E, since these years are not 
definitely before or after E. 

Dr A. A. Robb, in his Theory of Time a 
a point of view which may or may not 


nd Space, suggested 
be philosophically 
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fundamental, but is at any rate a help in understanding a 
state of affairs we have been describing. He maintained t if 
one event can only be said to be definitely before another : 
it can influence that other in some way. Now influence 

rates. Newspapers exercise 
ondon at an average rate of 
— rather more for long distances. 


someone does in consequ 
is done after the message 


a : ite 
was sent; the meaning here is quit 
independent of conventi 


ons as to the measurement of time. 
ne while the message is on its za 
y the sending of the message, an 

cannot influence the sender until some little time after the 


Sage, that is to say, if two bodies are widely 


Separated, neither can influence the other except after a certain 
lapse of time; what hap 


Pens before that time has ai 
Cannot affect the distant body. Suppose, for instance, tha 


ings for granted when we have 
no right to do so. This is i 
measurement of lengths, In 
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lengths is to apply a foot-rule or some other measure. At the 
moment when the foot-rule is applied, it is at rest relatively 
to the body which is being measured. Consequently the length 
that we arrive at by measurement is the ‘proper’ length, that 
is to say, the length as estimated by an observer who shares 
the motion of the body. We never, in ordinary life, have to 
tackle the problem of measuring a body which is in continual 
motion. And even if we did, the velocities of visible bodies 
On the earth are so small relatively to the earth that the 
anomalies dealt with by the theory of relativity would not 
appear. But in astronomy, or in the investigation of atomic 
Structure, we are faced with problems which cannot be tackled 
in this way. Not being Joshua, we cannot make the sun stand 
still while we measure it; if we are to estimate its size we 
must do so while it is in motion relatively to us. And similarly 
if you want to estimate the size of an electron, you have to 
do so while it is in rapid motion, because it never stands still 
for a moment. This is the sort of problem with which the 
theory of relativity is concerned. Measurement with a foot- 
rule, when it is possible, gives always the same result, because 
1t gives the ‘proper’ length ofa body. But when this method 
iS not possible, we find that curious things happen, 
Particularly if the body to be measured is moving very fast 
relatively to the observer. A figure like the one at the end 
Of the previous chapter will help us to understand the state 
of affairs, 
ja -£t us suppose that the body on which we 
€ngths is moving relatively to ourselves, , 
Second it moves the distance OM. Let us draw a circle round 
Whose radius is the distance that light travels in a second. 
‘hrough M draw MP perpendicular to OM, meeting the 
circle in P, Thus OP is the distance that light travels in a 
Second. The ratio of OP to OM is the ratio of the velocity 
of light to the velocity of the body. The ratio of OP to MP 
18 the ratio in which apparent lengths are altered by the 


wish to measure 
and that in one 


. 
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motion. That is to say, if the observer judges that iweb oina 
in the line of motion on the moving body are at a dista 
from each other represented by MP, a person moving ei 
the body would judge that they were at a distance represen! 


2 


€Y experiment, But it now emerges naturally 


from the fact that e 
: the two Observers do not make the sam 
Judgment of simulta: 


: Neity, 
The way in which simultaneity comes in is this: We say 
that two points on body are a foot apart when we can 
simultaneously 


apply one end ofa foot-rule to the one and 
the other end to the other, If 


; : > ROW, two people disagree about 
simultaneity, and the body is in motion, they will obviously 
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get different results from their measurements. Thus the 
trouble about time is at the bottom of the trouble about 
distance, 

The ratio of OP to MP is the essential thing in all these 
matters. Times and lengths and masses are all altered in this 
Proportion when the body concerned is in motion relatively 
to the observer. It will be seen that, if OM is very much 
smaller than OP, that is to say, if the body is moving very 
much more slowly than light, MP and OP are very nearly 
equal, so that the alterations produced by the motion are very 
small. But if OM is nearly as large as OP, that is to say; if 
the body is moving nearly as fast as light, MP becomes very 
small compared to OP, and the effects become very great. 

he apparent increase of mass in swiftly moving particles 
had been observed, and the right formula had been found, 
before the invention of the special theory of relativity. In fact, 

Orentz had arrived at the formulae called the “Lorentz 
transformation’, which embody the whole mathematical 
Essence of the special theory of relativity. But it was Einstein 
Who showed that the whole thing was what we ought to have 
expected, and not a set of makeshift devices to account for 
paPrising experimental results. Nevertheless, it must not be 
Orgotten that experimental results were the original motive 
of the whole theory, and have remained the ground for 
Undertaking the tremendous logical reconstruction involved 
10 relativity theory. 
€ may now recapitulate the reasons which have made 
Cessary to substitute ‘space-time’ for space and time. The 

Separation of space and time rested upon the belief that 

re was no ambiguity in saying that two events 1n distant 

Places happened at the same time; consequently it was 

wrought that we could describe the topography of the as 
Sime &iven instant in purely spatial terms. But now ti 

Multaneity has become relative to a particular observer, this 

ARA Onger possible. What is, for one observer, a description 


it ne 
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of the state of the world at a given instant is, for pik. 
observer, a series of events at various different times, W. m 
relations are not merely spatial but also temporal. For an 
Same Teason, we are concerned with events, rather than yia 
bodies. In the old theory, it was possible to consider a num! Fi 
of bodies all at the same instant, and since the time was t : 
same for all of them it could be ignored. But now we aie, 
do that if we are to obtain an objective account of physica 

occurrences. We must mention the date at which a body 18 
to be considered, and thus we arrive at an ‘event’, that 5 
to say, something which happens at a given time. When Wi 

know the time and place ofan event in one observer’s system 
of reckoning, we can calculate its time and place according 
to another observer, But we must know the time as well as 
the place, because we can no longer ask what is its place for 
the new observer at the ‘same’ time as for the old observer. 
There is no such thing as the ‘same’ time for different 
observers, unless they are at rest relatively to each other. We 


need four measurements to fix a position, and four 
measurements fix the 


Position of an event in space-time, not 
merely of a body in space. Three measurements are no 
any position. That is the essence of what 1$ 
meant by the substitution of space-time for space and time. 


Chapter 6 


The Special Theory of 
Relativity 


The Special theory of relativity arose as a way of accounting 
Or the facts of electromagnetism. We have here a somewhat 
curious history. In the eighteenth and early nineteenth 
centuries, the theory of electricity was wholly dominated by 
© Newtonian analogy. Two electric charges attract each 
Other if they are of different kinds, one positive and one 
Negative, but repel each other if they are of the same kind; 
in each case, the force varies as the inverse square of the 
Stance, as in the case of gravitation. This force was 
conceived as an action at a distance, until Faraday, by a 
number of remarkable experiments, demonstrated the effect 


of the intervening medium. Faraday was no mathematician; 

lerk Maxwell first gave a mathematical form to the results 
Suggested by Faraday’s experiments. Moreover Clerk 

Axwell gave grounds for thinking that light is an 
electromagnetic phenomenon, consisting of electromagnetic 
Waves. The medium for the transmission of electromagnetic 
effects could therefore be taken to be the aether, which had 
en assumed for the transmission of light. The 
Correctness of Maxwell’s theory of light was proved by the 
«Periments of Hertz in manufacturing electromagnetic 
Resi these experiments afford the basis for radio and radar. 
Re at, we have a record of triumphant progress, in which 

“ory and €xperiment alternately assume the leading role. 
Re the time of Hertz’s experiments, the aether seemed 

Curely established, and in just as strong a position as any 


a 
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A ification. 
other scientific hypothesis not capable of direct ve 
But a new set of facts began to be discovered, and g 
the whole Picture was changed. 


a 
: F : z was 
e movement which culminated with Hert 
movement for makin 


continuous, thi 
that matter would be foun 


atomic struct 


ilt u 
the atoms themselves, Atoms were believed to be bat 
of electrons, Protons and neutrons. The electron isa The 
Particle bearing a definite charge of negative elec noiae e 
Proton bears a definite charge of positive EJECHTICAY, am 
charged. (It is only a matter of c d the 
the electron is called negauye He way 
on positive, rather than the othe to be 
d probable that electricity was not an 
e form of the charges on the electron aa 
ns have exactly the same negative C sitive 
ve an exactly equal and opposite po ered; 
charge, Later on other sub-atomic particles were discov have 

alled mesons or hyperons. All protons dre 
exactly the Same weight; they are about eighteen hun ely 
times as heavy as ns. All neutrons also have Fone 
the same w ight; they are slightly heavier than prot 


: ei 
are several different kinds, W' bas, 
electrons but less than Protons, while hype 


or neutrons, 


Proton; al] electro 
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it is called the positron. It is possible to manufacture 
experimentally a particle which is identical with the proton 
except that it has a negative charge; it is called the anti-proton. 

These discoveries about the discrete structure of matter 
are inseparable from the discoveries of other so-called 
quantum phenomena, like the bright lines in the spectrum 
of an atom. It seems that all natural processes show a 
fundamental discontinuity whenever they can be measured 
with sufficient precision. 

Thus physics has had to digest new facts and face new 
Problems. Although the quantum theory has existed in more 
or less its present form for sixty years, and the special theory 
of Telativity for eighty, little progress was made, until about 
thirty years ago, in connecting the two together. Recent 
developments in the quantum theory have made it more 
Consistent with special relativity, and these improvements 
have helped our understanding of the sub-atomic particles 
a good deal, but many serious difficulties remain. 

_ The problems solved by the special theory of relativity in 
its own right, quite apart from the quantum theory, are 
typified by the Michelson—Morley experiment. Assuming the 
Correctness of Maxwell’s theory of electromagnetism there 
should have been certain discoverable effects of motion 
through the aether; in fact, there were none. Then there was 
ae observed fact that a body in very rapid motion appears 
: Ncrease its mass; the increase is in the ratio of OP to MP 
n the figure in the preceding chapter. Facts of this sort 
8tadually accumulated until it became imperative to find some 
theory which would account for them all. 
A Arai theory reduced itself to certain equations, known 
laxwell’s equations’. Through all the revolutions which 
Physics has undergone in the last century, these equations 
in Ve remained standing; indeed they have continually Bes 
a importance as well as in certainty — for Maxwell's 
Suments in their favour were so shaky that the correctness 
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dee ese 
of his results must almost be ascribed to intuition. Nove in 
equations were, of course, founded upon exp ee that 
terrestrial laboratories, but there was a tacit assumpti! nored. 
the motion of the earth through the aether could be i, 
In certain cases, such as the Michelson-Morley exp a ; errors 
this ought not to have been possible without measurab é face 
but it turned out to be always possible. Physicists wer more 
with the odd difficulty that Maxwell’s equations a was 
accurate than they should be. A very similar difficu a sics. 
explained by Galileo at the very beginning of modet it a 
Ost people think that if you let a weight drop it Ne of a 
vertically. But if you try the experiment in the cabi just 
Weight falls, in relation to the cabin, t 
€ at rest; for instance, if it starts fom the 
middle of the ceiling it will drop on to the middle 0 rver 
floor. That is to say, from the point of view of an obse t 
does not fall vertically, since it shar S 
motion of the ship. So long as the ship’s motion is ste not 
s on inside the ship as if the ship were reat 
y €o explained how this happens, to the & CS, 
indignation of the disciples of Aristotle. In orthodox phys 
Which is derived from Galileo, a uniform motion in a straig as 
line has No discoverable effects. This was, in its day 
astonishing a form of relativity as that of Einstein is t0 © 
instein, in the special theory of relativity, set to Wor te 
show how electromagnetic phenomena could be unaffec er. 
by uniform motion through the aether — if there be an act 
his was a more difficult Problem, which could not be solv 
Yy Merely adhering to the Principles of Galileo. m 
The really difficult effort required for solving this p roa 
s | aap 3S necessary to introduce the not 10 
of ‘proper’ time which We have already considered, and e 
abandon the old beliefin e universal time. The quantitati” 
laws of electr i 
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for all observers, however they may be moving. It is a straight- 
forward mathematical problem to find out what differences 
there must be between the measures applied by one observer 
and the measures applied by another, if, in spite of their 
relative motion, they are to find the same equations verified. 

he answer is contained in the ‘Lorentz transformation’, 
found as a formula by Lorentz, but interpreted and made 
intelligible by Einstein. 

The Lorentz transformation tells us what estimate of 
distances and periods of time will be made by an observer 
whose relative motion is known, when we are given those 
of another observer. We may suppose that you are in a train 
a a railway which travels due east. You have been travelling 
Or a time which, by the clocks at the station from which 
YOu started, is z. At a distance x from your starting-point, 
T easured by the people on the line, an event occurs at 

1s Moment — say the line is struck by lightning. You have 

Sen travelling all the time with a uniform velocity v. The 
question is: How far from you will you judge that this event 

as taken place, and how long after you started will it be 
watch, assuming that your watch is correct from the 

nt of view of an observer on the train? 
Sadi _ Solution of this problem has to satisfy certain 
of at ap It has to bring out the result that the velocity 
movin: is the same for all observers, however they may be 
Pande a And it has to make physical phenomena — in 
or di ar, those of electromagnetism — obey the same laws 

_/4€rent observers, however they may find their measures 
fe ie and times affected by their motion. And it has 
atin a all such effects on measurement reciprocal. That 
estimat, if you are in a train and your motion affects your 
en € of distances outside the train, there must be an 

" a Similar change in the estimate which people outside 
> ann Make of distances inside it. These conditions are 

Nt to determine the solution of the problem, but the 
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solution requires mo: 
myself in this book. 


us take 
Before dealing with the matter in general terms, let 
an example. Let us 


: n 
Suppose that you are in a train be ee A 
straight railway, and that you are travelling due east a he 
fifths of the velocity of light, Suppose that you ae rill 
length of your train, and find that it is a hundre x you 
Suppose that the People who catch a glimpse of you 


: See A king 
pass succeed, by skilful scientific methods, in ta 
observations which 


wed 
re mathematics than I have allo 


direction of the train than it does to Yoi 
Dinner plates, whic circular plates, nly 
as if they were oval: they will seem is) is 
four-fifths as broad which the Dona 
moving as in the direction of the breadth of the train. wa 
all this is Teciprocal, Suppose you see out of the windo en 
fishing-rod, carried by Someone who measures it to be in 
feet long. If itis held upright, you will also see it to be fift 
feet long; so you will if jt 


$ les 
is held horizontally at right ang" 
to the railway, But if it i 


ne makes due allogan 
for perspective. Despite this, all the lengths of objects in E 
train will be dimini enty per cent, in the directi 
of motion, for i 


‘acts 
; > and so will those of obje 
Outside, for you in the train 


Imagine a Spacecraft whic 
at a speed of 156,000 Miles 


3 th 
h moves away from the ear 
observe the people in th 


to 
a second. If you were Ha 
€ Spacecraft you would infer 
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they were unusually slow in their movements, and other 
events in the vehicle would be similarly retarded. 
Everything which took place there would seem to take 
twice as long as usual. I say ‘infer’ deliberately; you would 
See a still more extravagant slowing down of time; but that 
is easily explained, because the spacecraft is rapidly 
increasing its distance from you and the light-impressions 
take longer and longer to reach you. The more moderate 
retardation referred to remains after you have allowed for 
the time of transmission of light. But here reciprocity 
comes in, because from the point of view of the space- 
travellers you are moving away from them at 156,000 miles 
a second, and when they have made all allowances, they 
find that it is you who are sluggish. 


This question of time is rather intricate, owing to the fact 
that events which one person judges to be simultaneous 
another considers to be separated by a lapse of time. In order 
to try to make clear how time is affected, I shall revert to 
Our railway train travelling due east at a rate of three-fifths 
that of light. For the sake of illustration, I assume that the 
earth is large and flat, instead of small and round. 

If we take events which happen at a fixed point on the earth, 
and ask ourselves how long after the beginning of the journey 
they will seem to be to the travellers, the answer 1S that there 
Will be that retardation that Eddington speaks of, Mine 
Means in this case that what seems an hour in the life of the 
People on the ground is judged to be an hour and a ee 

Y the travellers who observe them from ee Base 
Reciprocally, what seems an hour in the life of the p pale 
1 the train is judged by the people observing from ou 


© be an hour and a quarter. Each make periods of in 
Observed in the life of the others a quarter 2$ ae sortie 
they are to those who live through them. ah oa a 
îs the same in regard to times as in regard to lengths. 
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ce 
A me pla 
But when, instead of comparing events at the sa 

On the earth, w 


A laces, 
€ compare events at widely sparne P E 
the results are sti € odd. Let us now take a 


c p eople 
along the railway, which from the point of view of p 
who are stationary on th 


; instant, 

€ earth, happen at a ee order 

say the instant when the train passes a certain a ene train 
Events, those which occur at points towards whic 


ened, 
'S Moving will seem to the travellers to have already happ 
while those Which oci 


in will, for 
cur at points behind the train wa 
them, be Still in the fi 


will, 

ut when they do see them, they oe 

or the velocity of light, come to the con oment 
that these ‘vents must have happened before the m ction 
in question, An €vent which appens in the forward ore ge 
along the Tailway, and which the Stationary observers j they 
to be now (or rather, wil] judge to have been now when line 
ich o know of it) if it Occurs at a distance along the the 
Which light ¢ utd travel in a Second, will be judged We 
travellers to ave occurred three-quarters of a second dge 
it occurs at 9 istance Which the People on the earth lyhen 
that light co d travel in a Year, the travellers will judge a 
OMe to know Of it) that it Occurred nine months ea 


An 
‘ct they pass the Vad EEE co 
along th, they wil] ante-date ‘vents in the forward ee, 
take li h alway Tee-quarters of the time that it hom 
BH to trave] from them to those on the earth T att 
St pa Sing, and who h pee 
c old that these ne 
happening the ent athens wit hold that they happen 
nett from the ‘vents reaches them. rite 
the ay behind the train will be post 
Ount, date 
0-fold Correctj ake in the 
ofan event when we ass fro ae 


e 
tot 
m the terrestrial observers 
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travellers. We must first take five-fourths of the time as 
estimated by the earth-dwellers, and then subtract three- 
fourths of the time that it would take light to travel from 
the event in question to the earth-dwellers. 

Take some event in a distant part of the universe, which 
becomes visible to the earth-dwellers and the travellers just 
as they pass each other. The earth-dwellers, if they know how 
far off the event occurred, can judge how long ago it occurred, 
Since they know the speed of light. If the event occurred in 
the direction towards which the travellers are moving, the 
travellers will infer that it happened twice as long ago as the 
earth-dwellers think. But if it occurred in the direction from 
Which they have come, they will argue that it happened only 
half as long ago as the earth-dwellers think. If the travellers 
Move at a different speed, these proportions will be different. 

Suppose now that (as sometimes occurs) two new stars have 
Suddenly flared up, and have just become visible to the 
travellers and to the earth-dwellers whom they are passing. 
Let one of them be in the direction towards which the train 
is travelling, the other in the direction from which it has come. 

uppose that the earth-dwellers are able, in some way, to 
estimate the distance of the two stars, and to infer that light 
takes fifty years to reach them from the one in the direction 
towards which the travellers are moving, and one hundred 
years to reach them from the other. The earth-dwellers will 
then argue that the explosion which produced the new star 
in the forward direction occurred fifty years 450 while the 
explosion which produced the other new star occurred a 
hundred years ago. The travellers will exactly reverse Ho 

igures: they will infer that the forward explosion occurre 
a hundred years ago, and the backward one fifty years ago. 
Tassume that both groups argue correctly on correct gah 
data. In fact, both are right, unless they imagine ne t : 
Others must be wrong. It should be noted that both wi PA 
the same estimate of the velocity of light, because thel 
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: vary in 
estimates of the distances of the two new stars be times 
exactly the same Proportion as their ee of this 
since the explosions. Indeed one of the main eT ht shall be 
whole theory is to Secure that the velocity of lig ving. This 
the same for all observers, however they may be ae with the 
fact, established by experiment, was incompati to admit 
old theories, and made it absolutely MECESSaLy, st as little 
something Startling. The theory of relativity is eae a time, 
Startling as is compatible with the facts. Indeed, a 
it ceases to seem Startling at all, A ce in the 

here is another feature of very great eae Ithough 
theory we have been Considering, and that is that, a derive 
distances and times vary for different observers, we aie same 
from them the quantity called ‘interval’, which is heory 0 
for all Observers, The ‘interval’, in the special t of the 
relativity, is Obtained as follows: take the re he distance 
distance between two events, and the square of the 


t 
SEAT ; subtrac 
travelled by light in the time between the two events; S 
the lesser Of these from 


ži fine! 
the greater and the result is er 
as the square of the interval between the events. ee shysica 
1s the same for all observers and represents a genums Pd t 
relation between the two events, which the time anê | 
distance do. not, 


rica 
a : this 
construction for the inte 


‘time 


se? When 
trary case it is ‘space-like’. be taken 
WO events js exactly equal to the ti ] is zer% 
| from one to the other, the fone light #8 
en situated on parts of one lig 
ens to be Passing that way. 
Sn We come to the 8eneral theory of relativity; eep!Y 
ave to generalise the notion of interval. The more orai 
We enter into the structure of the world, the more imp 


we shall 
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this concept becomes; we are tempted to say that it is the 
reality of which distances and periods of time are confused 
representations. The theory of relativity has altered our view 
of the fundamental structure of the world; that is the source 
both of its difficulty and of its importance. 

The remainder of this chapter may be omitted by readers 
who have not even the most elementary acquaintance with 
geometry or algebra. But for the benefit of those whose 
education has not been entirely neglected, I will add a few 
explanations of the general formula of which I have hitherto 
given only particular examples. The general formula in 
question is the ‘Lorentz transformation’, which tells, when 
one body is moving in a given manner relatively to another, 
how to infer the measures of lengths and times appropriate 
to the one body from those appropriate to the other. Before 
giving the algebraical formulae, I will give a geometrical 
Construction. As before, we will suppose that there are two 
observers, whom we will call O and O', one of whom is 
Stationary on the earth while the other is travelling at a 
Uniform speed along a straight railway. At the beginning of 
he time considered, the two observers were at the same 
Point of the railway, but now they are separated by a certain 
distance. A flash of lightning strikes a point X on the railway, 
and O judges that at the moment when the flash takes place 
the observer in the train has reached the point O'. The 
Problem is: what is the distance from O' to the flash, and 

Ow long after the beginning of the journey (when O! and 

Were together) did it take place, as judged by O'? We are 
Supposed to know O’s estimates, and we want to calculate 
those of O’, 

i In the time that, according to O, : ae 

ginning of the journey, let OC be the distance that ight 
Would have travelled along the railway. Describe a circle about 
O, with OC as radius, and through O' draw a perpendicular 
to the railway, meeting the circle in D. On OD take a point 


has elapsed since the 
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Y such ihat OY is equal to OX (X is the point of the railway 
rare € lightning strikes), Draw YM perpendicular to t si 
in S a4 me perpendicular to OD, Let YM and OS 
Through X ang © „P'Oduced and OS produced meet seting 
G Gs C draw Petpendiculars to the railway meet el 
s: . in QandZ respectively, Then RQ (as measure 
K T the distance from O' to the flash, as judged by d 
h ording to th iew, the distance would be O'X. AP 
whereas O thinks that, in the time from the bree 
é i a flash, light would travel a ei 
e ti . i or 
to travel the distance SZ tas ae O). The in} 
z ai by O is got by subtracting the saare CENO, 
from the square on O > the interval as measured by 
is got by Subtracting the square on RQ from the square 0° 
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SZ. A little very elementary geometry shows that these are 
equal, 
ae algebraical formulae embodied in the above 
rr ae action are as follows: from the point of view of O, let 
a p occur at a distance x along the railway, and at a 
after the beginning of the journey (when O' was at 
x pon the point of view of O' let the same event occur 
i ance x along the railway, and at a time ' after the 
p i: ning of the journey. Let c be the velocity of light, and 
€ velocity of O' relative to O. Put 


Bae 
Then 
x' = R (x—v t) 


y -a(i 2) 


This į 

, this s ; 

1N this 's the Lorentz transformation, from which everything 
chapter can be deduced. 


Chapter 7 


Intervals in Space-Time 


been 
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T the experimental fact that, f hysics, 
rm relative motion, all the laws R with 
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bodies, ‘Uniform’ motion, here, means motion i blem was 
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f the Motion of the two boi 


hysical 
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is, in an extended sense, a falling body: which 
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! Not only an in 
is called ‘accelerati, 


jon, 
i ection 

y change in speed or directio 
motion with const; 


g'is 


Intervals in Space-Time 67 


the restriction, Einstein was led to his new law of gravitation, 
which we shall consider presently. The work was extra- 
ordinarily difficult, and occupied him for ten years. The 
Special theory dates from 1905, the general theory from 1915. 
It is obvious from experiences with which we are all familiar 
that an accelerated motion is much more difficult to deal with 
than a uniform one. When you are in a train which is 
travelling steadily, the motion is not noticeable so long as 
IN do not look out of the window; but when the brakes are 
ported suddenly you are precipitated forwards, and you 
is Come aware that something is happening without having 
È notice anything outside the train. Similarly in a lift 
verything seems ordinary while it is moving steadily, but 
at starting and stopping, when its motion is accelerated, you 
have odd sensations in the pit of the stomach. (We call a 
ma on ‘accelerated’ when it is getting slower as well as when 
fe Setting quicker; when it is getting slower the aoe 
Ka negative.) The same thing applies to dropping a weight 
the cabin of a ship. So long as the ship is moving uniformly, 


t ; : oa i 
Ge weight will behave, relatively to the cabin, just as if the 
1p were at rest: if it starts from the middle of the ceiling, 
s an acceleration 


Twill hit the middle of the floor. But if there is al 
everything is changed. If the boat is increasing its speed very 
ap idly, the weight will seem to an observer in the cabin to 
3 lin a curve directed towards the stern; if the speed is being 
rapidly diminished, the curve will be directed towards the 
ow. All these facts are familiar, and they led Galileo and 
€wton to regard an accelerated motion as something 
radically different, in its own nature, from a uniform motion. 
Ut this disuinenen could only be maintained by regarding 
Motion as absolute, not relative. [fall motion is relative, the 
Carth is accelerated relatively to the lift just as truly as the 
lift relatively to the earth. Yet the people on the ground have 
no sensations in the pits of their stomachs when the lift tee 
to go up. This illustrates the difficulty of out problem. In fact, 
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absolute motio; 
embodied Ne 
Was required 


i in 
ysicists in modern times have belie 
n, the technique of mathematical phys il 
wton’s belief in it, and a revolution in a Hint 

to obtain a technique free from this ee p oor 
his revolution was accomplished in Einstein’s genera 
of relativity, 


It is somewhat o 


e e 
w ing th 
ptional where we begin in explaining 
new ideas which 


all 
Einstein introduced, but E aa 
do best by taking the conception of ‘interva Jativity, 
Conception, as it appears in the special theory of P 
is already a generalisation of the traditional notion 2 it stil 
in space and time; but it is necessary to generale 
further, However, it is necessary first to explain a 


t go back 
amount of history, and for this purpose we mus 
as far as Pythagoras. 


i in history, 
Pythagoras, like Many of the greatest characters in 
Perhaps never existed: 


er; 
he or she is a semi-mythical cae 
who combined Mathematics and priestcraft in ene ? 
Proportions. I shall, however, assume that Pythagoras € f this 
and discovered the teorem attributed to someone ifucis 
name. Pythagoras was roughly a contemporary of Con ht it 
and Buddha who founded a religious sect which ee 
Wicked to ¢ nd a school of mathematicians The 
took a particular interest in right-angled trane 
ythagoras (the 47th proposition of sides 
States that the sm of the squares on the two ores o 

of a right-angled Tangle is cequal. to the square 
the side °PPosite the Tight angle. No proposition ator 
Whole of “matics has had such a pieces ia that 
to" “Prove” it in outh. It is t V 

e y ro 
D ee 
RiR A EEs also the case that the pr i e 
But everythin. © ` it is only approximate A sics» 
ythin in geometr ly in phys 
£ Y, and subsequently in | tions 

as been detiveg from it Y successive generalisa 
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a these generalisations is the general theory of relativity. 
‘ ae eee of Pythagoras was itself, in all probability, 
had be alisation of an Egyptian rule of thumb. In Egypt, it 
ena as known for ages that a triangle whose sides are br 
Pan en of length is a right-angled triangle; the Egyptians 
if the i owledge practically in measuring their fields. Now 
on the bas of a triangle are 3, 4 and 5 inches, the squares 
Pena. sides will contain respectively 9, 16 and 25 square 
three Ae and 16 added together make 25. Three times 
“52? written ‘3”; four times four, ‘4”; five times five, 
. So that we have 


324+ 4 = 5? 


Be pnoeed that Pythagoras noticed this fact, after learning 
hae e Egyptians that a triangle whose sides are 3, 4 and 
gener; E right angle. Pythagoras found that this could be 
angled ised, and so arrived at the famous theorem: In a right- 
is e triangle, the square on the side opposite the right angle 

ual to the sum of the squares on the other two sides. 
Sia in three dimensions: if you take a right-angled 
the fi lock; the square on the diagonal (the dotted line in 
ne is equal to the sum of the squares on the three 


This is as far as the ancients got in this matter. 
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‘ho 
; scartes, W 
The next step of importance is a ee the mee 
made the theorem of Pythagoras the P fo. mi 0 
of analytical geometry. Suppose you etait uppose 
Systematically all the places on a plain nE fact rhat 
it small enough to make it possible to ig five in theid i 
the earth is round. We will suppose that you F describing £ 
Of the plain. One of the simplest ways o howkised a 
Position of a Place is to Say: starting from ane 3 distance 
such and such a d stance east, then such an Sou m 
north (or it may be west in the first case, a lace is Init 
second). This tells you exactly where the p 


i 


y 
P 
o M x 
to 
thod 

ri oe Soe ral me 
rectangular cities of America, it is the natu 
adopt: in Ne 


w York you will b 
sast (or west) and the: 


Istance you h: 
ave to go no 
Negative; if 


locks 
€ told to go so mm The 
ñ so many blocks north (or tae you 
AVE to go east is called x, and the west > 
rth is called Y. (If you have to g ) Let O 
you have to go South, y is E Yor 
“Point (the ‘origin’); let OM be the 
80 east, and Mp the dista 
from hom 


re y fe) 
nce you go north. HOW tar t 
€ in a direct line when you reach P? T OP is the 
of Pythagoras Bives the answer. The square on 
sum of the 


miles 
ees on OM and MP. If OM is ore Ue 
and MP is three miles, OP is five miles. If OM *pecause 
miles and Mp is five miles, OP is thirteen miles, 
12? + 52 = 132 g 


do 
> metho 
80 that if you adopt Descartes’ m 
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sae the theorem of Pythagoras is essential in giving 
tiie ra distance from place to place. In three dimensions 
Raa is exactly analogous. Suppose that, instead of 
ie nhs merely to fix positions on the plain, you want to 
Sant ions for captive balloons above it, you will then have 
eas i third quantity, the height at which the balloon is 
ok you call the height z, and if r is the direct distance 
m O to the balloon, you will have 


r= x? t+ yr + 24 


you know x, Y and 


and from this you can calculate r when i 
lloon by going 12 


are example, if you can get to the ba i 
Ra east, 4 miles north and then 3 miles up, your distance 
12 n the balloon in a straight line is thirteen miles, because 
= X 12 = 144, 4 x 4a GSE a Clntag 
ee =13°x 133 
the S Row suppose that, instead of taking a small piece of 
e aD s$ surface which can be regarded as flat, you consider 
on eS a map of the world. An accurate map of the world 
sen at paper is impossible. A globe can be accurate, 1n the 
ca se that everything is produced to scale, but a flat map 
talking be. I am not talking of practical difficulties, 1 am 
no ing of a theoretical impossibility. For example: n 
m rthern halves of the meridian of Greenwich and of the 90t 
e eridian of west longitude, together with the piece of the 
eaten between them, make a triangle whose sides are all 
Soe and whose angles are all right angles. Ona flat gene 
it langle of that sort would be impossible. On the other hand, 
iis possible to make a square on a flat surface, but on a sphere 
It is impossible. Suppose you try 0n the earth: walk 100 miles 
West, then 100 miles north, then 100 miles east, then 100 
Miles south. You might think this would make a square, but 
lt wouldn’t, because you would not at the end have come 
ack to your starting-point. If you have ume, you may 
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n easily 
Convince yourself, Of this by experiment. If not, you said 10 

see that it must be so. When you are nearer ie you ate 
miles takes you through more longitude than w ied east (If 
Nearer the Equator, so that in doing your 100 A further 
You are in the northern hemisphere) you get to a p 


ul 
k due sot 
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l Islan - This, however, only rein 5 
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angles of a 
add up ee add up to two right angles: they will 
two right ae more. The amount by which they exceed 
On a small tria s is proportional to the size of the triangl 
the grass, or een such as you could make with cae Fe 
can just see each on a triangle formed by three ships which 
more than two ri other, the angles will add up to so littl 
the difference qn angles that you will not be able to dete i 
equator, the G ut if you take the triangle made b is 
the erie ae meridian, and the 90th P E 
triangles in eer, to three right angles. And you can et 
tight angles ‘All, h the angles add up to anything up to Six 
on the sur fac 2 A you could discover by measurements — 
of anything i of the earth, without having to take account 
The ak in the rest of space. a 
a sphere. eremua Pythagoras also will fail 
earth, the TE e point of view of a traveller bound to the 
distance, that ance between two places is their great-circle 
can make Me to say, the shortest journey that a person 
Suppose you ei leaving the surface of the earth. Now 
triangle, and 3 e three bits of great circles which make a 
~ to be Beenie one of them is at right angles to another 
ite, let one be the equator and one a bit of the 


Meridian 
of Greenwich going northward from the equator. 
ator and then 4,000 


Uppos 
Miles dices go 3,000 miles along the equ: 
estimatin a how far will you be from your starting-point 
g the distance along a great circle? If you were on 


a plane k 
, your distance would be 5,000 miles, as we saw before. 
-circle distance will be 


consi 

derably less than this. In a right-angled triangle on a 
the right angle is less 
e other two sides. 
ometry on a sphere and 
differences; that is to 
ce on which 


without requiring 


for distances on 


the 

say eee on a plane are int 

you ee enable you to find out wh 
e is like a plane or like a sphere, 
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that you should take account of anything outside the a 
Such considerations led to the next step of Impor iak 4a 
our subject, which was taken by Gauss, who flourishe H 
hundred and fifty years ago. Gauss studied the theory of 
surfaces, and showed how to develop it by means 
Measurements on the surfaces themselves, without going 
outside them. In order to fix the position of a point in spaces 
we need three measurements; but in order to fix the peat 
of a point on a surface we need only two — for eee 
a point on the earth’s surface is fixed when we know 
latitude and longitude. í 
Now Gauss found that, whatever system of measuremen 
you adopt, and whatever the nature of the surface, there is 
always a way of calculating the distance between two not very 
distant points on the surface, when you know the quantities 
which fix their positions. The formula for the distance is a 
generalisation of the formula of Pythagoras; it tells you the 
Square of the distance in terms of the squares of the differences 
between the measure-quantities which fix the points, and also 
the product of these two quantities. When you know this 
formula, you can discover all the intrinsic properties of the 
surface, that is to Say, all those which do not depend upon 
its relations to points outside the surface. You can discover, 
for example, whether the angles of a triangle add up to two 


right angles, or more, or less, or more in some cases and less 
in others. 


‘triangle’, we must explain what 
surfaces there are no straight lines. 
On a sphere, we shall Tepl 
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surface. They take the place of straight lines in the intrinsic 
geometry of a surface. When we inquire whether the angles 
of a triangle add up to two right angles or not, we mean to 
speak of a triangle whose sides are geodesics. And when we 
speak of the distance between two points, we mean the 
distance along a geodesic. 

The next step in our generalising process is rather difficult: 
it is the transition to non-Euclidean geometry. We live in 
a world in which space has three dimensions, and our 
empirical knowledge of space is based upon measurement 
of small distances and of angles. (When I speak of small 
distances I mean distances that are small compared to those 
in astronomy; all distances on the earth are small in this 
sense.) It was formerly thought that we could be sure a priori 
that space is Euclidean — for instance, that the angles of a 
triangle add up to two right angles. But it came to be 
recognised that we could not prove this by reasoning; if it 
was to be known, it must be known as the result of 
measurements. Before Einstein, it was thought „that 
measurements confirm Euclidean geometry within the limits 
of exactitude attainable; now this is no longer thought. It 
is still true that we can, by what may be called a natural 
artifice, cause Euclidean geometry to seem true throughout 
a small region, such as the earth; but in explaining gravitation 
Einstein was led to the view that over large regions where 
there is matter we cannot regard space as Euclidean. The 
reasons for this will concern us later. What concerns us now 
is the way in which non-Euclidean geometry results from 
a generalisation of the work of Gauss. 

There is no reason why we should not have the same 
circumstances in three-dimensional space as We have, for 
example, on the surface of a sphere. It might happen that 
the angles of a triangle would always add up to more than 
two right angles, and that the excess would be proportional 
to the size of the triangle. It might happen that the distance 
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S 
between two points would be given by a formula A 
to what we have on the surface of a sphere, but ae pen 
three quantities instead of two. Whether this goer There 
or not, can only be discovered by actual measurements. 
are an infinite number of such possibilities. h 
This line of argument was developed by Riemann, etry? 
dissertation ‘On the hypotheses which underlie tc 
(1854), which applied Gauss’s work on surfaces to di aie 
kinds of three-dimensional spaces. He showed that a 
essential characteristics of a kind of space could be de om 
from the formula for small distances. He assumed that, i 
the small distances in three given directions mi sek “a 
together carry you from one point to another not iste ‘il 
it, the distances between the two points could be calcu aa 
Or instance, if you know that you can get from one he a 
to another by first moving a certain distance east, the it 
Certain distance north, and finally a certain distance ee 
up in the air, you are to be able to calculate the distance a 
the one point to the other. And the rule for the Ca 
is to be an extension of the theorem of Pythagoras, in ae 
Sense that you arrive at the square of the required distan 


nt 
by adding together multiples of the squares of the compon 
distances, together Possibly with multiples of their produ 
From certain characteristi 


cs in the formula, you can tell ee 
Sort of space you have to deal with. These characteristics d 
not depend upon the particular method you have adopte 
for determining the Positions of points. f 
In order to arrive at what we want for the theory sa 
€ one more generalisation to make: rH 
‘interval’ between events for t 
This takes us to space-time. We hav r 
s Special theory of relativity, the squar 
of the interval is found Y subtracting the square of the 
distance between events from the square of the distance that 
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theory, we do not assume this special form of interval. We 
assume to begin with a general form, like that which Riemann 
used for distances. Moreover, like Riemann, Einstein only 
assumed the formula for neighbouring events, that is to say, 
events which have only a small interval between them. What 
goes beyond these initial assumptions depends upon 
observation of the actual motion of bodies, in ways which 
we shall explain in later chapters. 

We may now sum up and re-state the process we have been 
describing. In three dimensions, the position of a point 
relatively to a fixed point (the ‘origin’) can be determined 
by assigning three quantities (‘co-ordinates’). For example, 
the position of a balloon relatively to your house is fixed if 
you know that you will reach it by going first a given distance 
due east, then another given distance due north, then a third 
given distance straight up. When, as in this case, the three 
co-ordinates are three distances all at right angles to each 
other, which, taken successively, transport you from the origin 
to the point in question, the square of the direct distance 
to the point in question is got by adding up the squares of 
the three co-ordinates. In all cases, whether in Euclidean or 
in non-Euclidean spaces, it is got by adding multiples of the 
Squares and products of the co-ordinates according to an 
assignable rule. The co-ordinates may be any quantities which 
fix the position of a point, provided that neighbouring points 
must have neighbouring quantities for their co-ordinates. In 
the general theory of relativity, we add a fourth co-ordinate 
to give the time, and our formula gives ‘interval’ instead of 
Spatial distance; moreover we assume the accuracy of our 
formula for small distances only. 

We are now at last in a position to tack 


of gravitation. 


e Einstein’s theory 


Chapter 8 


Einstein’s Law of 
Gravitation 


Before tackling Einstein’s law, it is as well to conni 
ourselves, on logical grounds, that Newton’s law of gravitatio 
cannot be quite right. 

Newton said that between any two particles of matter there 
is a force which is Proportional to the product of their masses 


and inversely proportional to the square of their distance. 
That is to say, ignorin; 


if there is a certain attraction when the particles are a mile 


as much attraction when they 
as much when they are three 
raction diminishes much faster 
Now, of course, Newton, when 
ant the distance at a given time: 
0 ambiguity about time. But we 
stake. What one observer judges 
the earth and the sun, another 
t moments. ‘Distance at a given 
bjective conception, which can 
law. Of course, we could make 
ying that we are going to estimate 

by Greenwich Observatory. But 
we can hardly believe that the accidental circumstances of 
the earth deserve to be taken so seriously. And the estimate 
of distance, also 


> Will vary for different observers, We cannot 
therefore allow that Newton’s form of the law of gravitation 


can be quite Correct, since it will give different results 
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according to which of many equally legitimate conventions 
we adopt. This is as absurd as it would be if the question 
whether one person had murdered another were to depend 
upon whether they were described by their first names or 
their surnames. It is obvious that physical laws must be the 
same whether distances are measured in miles or in 
kilometres, and we are concerned with what is essentially 
only an extension of the same principle. 

Our measurements are conventional to an even greater 
extent than is admitted by the special theory of relativity. 
Moreover, every measurement is a physical process carried 
out with physical material; the result is certainly an 
experimental datum, but may not be susceptible of the simple 
interpretation which we ordinarily assign to it. We are, 
therefore, not going to assume to begin with that we know 
how to measure anything. We assume that there is a certain 
physical quantity called ‘interval’, which is a relation between 
two events that are not widely separated; but we do not 
assume in advance that we know how to measure it, beyond 
taking it for granted that it is given by some generalisation 
of the theorem of Pythagoras such as we spoke of in the 
Preceding chapter. 

We do assume, however, that events have an order, and 
that this order is four-dimensional. We assume, that is to say, 
that we know what we mean by saying that a certain event 
is nearer to another than a third, so that before making 
accurate measurements we can speak of the ‘neighbourhood’ 
of an event; and we assume that, in order to assign the position 
of an event in space-time, four quantities (co-ordinates) are 
Necessary — e.g. in our former case of an explosion on an 
airplane, latitude, longitude, altitude and time. But we assume 
nothing about the way in which these co-ordinates are 
assigned, except that neighbouring co-ordinates are assigned 
to neighbouring events. 


The way in which these numbers, called co-ordinates, are 
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reful 
to be assigned is neither wholly arbitrary nor a ae E you 
Measurement — it lies in an intermediate region. reget 
are making any continuous journey, your oo om mace 
never alter by sudden jumps. In America one finds = likely 
houses between (say) 14th Street and 15th Street T “ieee 
to have numbers between 1400 and 1500, while those sac 
15th Street and 16th Street have numbers between 1 laad 
1600, even if the 1400s were not used up. This wo hee 
do for our purposes, because there is a sudden ae assig 
we pass from one block to the next. Or again we migi = that 
the time co-ordinate in the following way: take the ERN 
elapses between two successive births of people calle ae 
an event occurring between the births of the 3000th an 
3001st Sm: 


ith known to history shall have a co-ordinate lying 
between 3000 and 3001; th 


Shall be the fraction ofa ye 
of the 3000th Smith. (Obvii 
as a year bet 


A : 1 
family.) This way of assigning the time co-ordinate is perfectly 
definite, but j 


ners of the Squares 
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Co-ordinates of one of these pins the numbers of pins passed 
in going to the right from a given pin until we come just 
below the pin in question, and then the number of pins we 
Pass on the way up to this pin. In the figure, let O be the 
Pin we start from and P the pin to which we are going to 
assign co-ordinates. P is in the 5th column and the 3rd row, 
so its co-ordinates in the plane of the india-rubber are to be 
5 and 3, 

Now take the india-rubber and stretch it an 
much as you like. Let the pins now be in the shape they 


d twist it as 
have 


in the second figure. The divisions now NO longer represent 
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ill still 
distances according to our usual notions, but hea ae 
do just as well as co-ordinates. We may still take vacate 
the co-ordinates 5 and 3 in the plane of je dias plane, 
and we may still regard the india-rubber as being in dinarily 
even if we have twisted it out of what we should or atten 
call a plane. Such continuous distortions do not m steel 
To take another illustration: instead of ee eel, 
measuring-rod to fix our co-ordinates, let us use a aa tail 
which is wriggling all the time. The distance from ewe 
to the head of the eel is to count as 1 from the point 0 ming 
of co-ordinates, whatever shape the creature may be Asstt are 
at the moment. The eel is continuous, and its a a 
continuous, so it may be taken as our unit of distanc ity, 
assigning co-ordinates, Beyond the requirement of continu 


w F Š ional, 
the method of assigning co-ordinates is purely convent: 
and therefore a live eel is 


Weare apt to think 
it is better to use a ste 
not because the eel t 


n 
to tell, but because the steel rod really tells no more tha 
the eel obviously do 


es. The point is, not that eels are really 
rigid, but that steel i 


& differently both from ua 
Observer and ourselves, both the eel and the rod would see 


to wriggle, And there is no Saying that one observer is right 

In such Matters what is seen does not 
Physical Process observed, but also tO 
e observer, €asurements of distances 
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since Greek times, ceases to exist as a separate science, and 
becomes merged into physics. The two fundamental notions 
in elementary geometry were the straight line and the circle. 
What appears to you as a straight road, whose parts all exist 
now, may appear to another observer to be like the flight 
of a rocket, some kind of curve whose parts come into 
existence successively. The circle depends upon measurement 
of distances, since it consists of all the points at a given 
distance from its centre. And measurement of distances, as 
we have seen, is a subjective affair, depending upon the way 
in which the observer is moving. The failure of the circle 
toy have objective validity was demonstrated by the 
Michelson-Morley experiment, and is thus, in a sense, the 
starting-point of the whole theory of relativity. Rigid bodies, 
which we need for measurement, are only rigid for certain 
observers; for others they will be constantly changing all their 
dimensions. It is only our obstinately earth-bound imagination 
that makes us suppose a geometry separate from physics to 
be possible. 

That is why we do not trouble to give phys 
to our co-ordinates from the start. Formerly, 
used in physics were supposed to be care r 
distances; now we realise that this care at the start is thrown 
away. It is at a later stage that care is required. Our co- 
ordinates now are hardly more than a systematic way of 
cataloguing events. But mathematics provides, in the method 
of tensors, such an immensely powerful technique that we 
Can use co-ordinates assigned in this apparently careless way 
Just as effectively as if we had applied the whole apparatus 
of minutely accurate measurement in arriving at them. The 
advantage of being haphazard at the start is that we avoid 
making surreptitious physical assumptions, which we can 
hardly help making if we suppose that our co-ordinates have 
Mitially some particular physical significance. 

€ need not try to proceed in ignorance of all observed 


ical significance 
the co-ordinates 
fully measured 
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5 at 
physical phenomena. We know certain things. We kaa 5 
the old Newtonian physics is very nearly accurate w “eae 
Co-ordinates have been chosen in a certain way. We ae 
that the special theory of relativity is still more near! ly acc iain 
for suitable co-ordinates. From such facts we can infer i: af 
things about our new co-ordinates, which, in a log 


deduction, appear as postulates of the new theory. 
As such postulates we take: 


That the interval between 
general form, lik 
2 That a sufficien 
travels on a geo 


neighbouring events he 
e that used by Riemann for ee 
tly small, light, and symmetrica | o i 
desic in space-time, except in so lar 
non-gravitational forces act upon it. s h that 
3 That a light-ray travels on a geodesic which is suc 

the interval between any two parts of it is zero. 


quires some splanna w 
s that, if two events are C a 
otherwise), there is an interv: : 
calculated from the difference 

by some such formula as zA 
considered in the preceding chapter. That is to say, we ta 
the squares and products of the differences of co-ordinates, 
We multiply them by suitab] 


© physical phenomena. But she do 

now, because mathemat S shows it to be so, that within 
any small region of space-time We can choose the co-ordinates 
3 most exactly the special form which 
we found in the Special theo LED 
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that there should be no gravitation in the region; it is enough 
if the intensity of gravitation is practically the same 
throughout the region. This enables us to apply the special 
theory within any small region. How small it will have to 
be, depends upon the neighbourhood. On the surface of the 
earth, it would have to be small enough for the curvature 
of the earth to be negligible. In the spaces between the planets, 
it need only be small enough for the attraction of the sun 
and the planets to be sensibly constant throughout the region. 
In the spaces between the stars it might be enormous ~ say 
half the distance from one star to the next ~ without 
introducing measurable inaccuracies. 

Thus, at a great distance from gravitating matter, we can 
so choose our co-ordinates as to obtain very nearly a Euclidean 
Space; this is really only another way of saying that the special 
theory of relativity applies. In the neighbourhood of matter, 
although we can still make our space very nearly Euclidean 
in a very small region, we cannot do so throughout any region 
within which gravitation varies sensibly — at least, if we do, 
We shall have to abandon the view expressed in the second 
Postulate, that bodies moving under gravitational forces only 
Move on geodesics. 
vee saw that a geodesic on a sur : ; 

at can be drawn on the surface from one point to another; 
for example, on the earth the geodesics are great circles. When 
We come to space-time, the mathematics is the same, but the 
verbal explanations have to be rather different. In the general 
theory of relativity, it is only neighbouring events that have 
a definite interval, independently of the route by which we 
travel from one to the other. The interval between distant 
events depends upon the route pursued, and has to be 
calculated by dividing the route into a number of little bits 
and adding up the intervals for the various little bits. If the 
Interval is space-like, a body cannot travel from one event 
to the other; therefore when we are considering the way bodies 


face is the shortest line 
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move, we are confined to time-like intervals. The inter 
between neighbouring events, when it is time-like, will aE 
as the time between them for observers who travel from the 
one event to the other. And so the whole interval ese 
two events will be judged by people who travel from a 
to the other to be what their clocks show to be the time be 
they have taken on the journey. For some routes this no 
will be longer, for others shorter; the more slowly they traves 
` the longer they will think they have been on-the journey i 
This must not be taken as a platitude. I am not saying a 
if you travel from London to Edinburgh you will take longe 
if you travel more slowly. I am saying something much TR 
odd. I am saying that if you leave London at 10 a.m. an 
arrive in Edinburgh at 6.30 p-m., Greenwich time, the more 
slowly you travel the longer you will take — if the time is 
judged by your watch, This is a very different statement. 
From the point of view of 4 person on the earth, your ae 
takes eight hours and a half But if you had been a ray 0 
light travelli 


o Edinburgh and arrived there 
at 6.30 p.m., you Would jud 


you exactly no time. Ang if 
Toute, which enabled you to arrive in time by travelling fast, 
the longer your Toute the les, 


Toute, the time, as Measy; 
es =e 
fee This is a way of saying that bodies left tO 
eee 3 their Journeys as slowly as they can; it is 4 
: aw of cosmic laziness. Its mathematical expression 
€sics, in which the total interval 
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between any two events on the journey is greater than by 
any alternative route. (The fact that it is greater, not less, 
is due to the fact that the sort of interval we are considering 
is more analogous to time than to distance.) For example, 
if people could leave the earth and travel about for a time 
and then return, the time between their departure and return 
would be less by their clocks than by those on the earth: the 
earth, in its journey round the sun, chooses the route which 
makes the time of any bit of its course by its clocks longer 
than the time as judged by clocks which move by a different 
Toute. This is what is meant by saying that bodies left to 
themselves move in geodesics in space-time. 

It is important to remember that space-time is not supposed 
to be Euclidean. As far as the geodesics are concerned, this 
has the effect that space-time is like a hilly countryside. In 
the neighbourhood of a piece of matter, there is, as it were, 
a hill in space-time; this hill grows steeper and steeper as 
It gets nearer the top, like the neck of a bottle. It ends in 
a sheer precipice. Now by the law of cosmic laziness which 
We mentioned earlier, a body coming into the neighbourhood 
Of the hill will not attempt to go straight over the top, but 
will go round. This is the essence of Einstein’s view of 
Btavitation. What a body does, it does because of the nature 
Of space-time in its own neighbourhood, not because of some 
Mysterious force emanating from a distant body. 

An analogy will serve to make the point clear. Suppose 
that on a dark night a number of people with lanterns were 
walking in various directions across a huge plain, and suppose 
that in one part of the plain there was a hill with a flaring 
beacon on the top. Our hill is to be such as we have described, 
growing steeper as it goes up, and ending in a precipice. I 
shall suppose that there are villages dotted about the plain, 
and the people with lanterns are walking to and from these 
Various villages. Paths have been made showing the a 
Way from any one village to any other. These paths will a 


88 ABC of Relativity 


be more or less curved, to avoid going too far up the hill; 
they will be more sharply curved when they pass near the 
top of the hill than when they keep some way off from it. 
Now suppose that you are observing all this, as best you can, 
from a place high up in a balloon, so that you cannot see 
the ground, but only the lanterns and the beacon. You will 
not know that there is a hill, or that the beacon is at the top 
of it. You will see that people turn out of the straight course 
when they approach the beacon, and that the nearer they 
come the more they turn aside. You will naturally attribute 
this to an effect of the beacon; you may think that it is very 
hot and people are afraid of getting burnt. But if you wait 
for daylight you will see the hill, and you will find that the 
beacon merely marks the top of the hill and does not influence 
the people with lanterns in any way. 

Now in this analogy the beacon corresponds to the sun, 
the people with lanterns correspond to the planets and comets, 
the paths correspond to their orbits, and the coming of day- 
light corresponds to the coming of Einstein. Einstein says 
that the sun is at the top of a hill, only the hill is in space- 
time, not in space. (I advise the reader not to try to picture 
this, because it is impossible.) Each body, at each moment, 
adopts the easiest course open to it, but owing to the hill 
the easiest course is not a straight line. Each little bit of matter 
is at the top of its own little hill, like the cock on his own 
dung-heap. What we call a big bit of matter is a bit which 
is the top of a big hill. The hill is what we know about; the 
bit of matter at the top is assumed for convenience, Perhaps 
there is really no need to assume it, and we could do with 
the hill alone, for we can never get to the top of anyone else’s 
hill, any more than the pugnacious cock can fight the 
peculiarly irritating bird that he sees in the looking-glass. 

I have given only a qualitative description of Einstein’s 
aw of gravitation; to oe ee eab formulation 
is impossible without mo: matics than I am permitting 
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myself, . i 
the law oe sone buen point about it is that it makes 
exerts no fore en a result of action at a distance; the sun 
has become physi e planets whatever. Just as geometry 
geometry, The Cee so, in a sense, physics has become 
law that ever tee gravitation has become the geometrical 
to place, but ve ody pursues the easiest course from place 
that are en, is course is affected by the hills and valleys 
e have ‘se wana on the road. 
upon only em assuming that the body considered is acted 
with the aa vitational forces. We are concerned at present 
electromagneti of gravitation, not with the effects of 
Particles, There noes or the forces between sub-atomic 
Orces into the fr ave been many attempts to bring all these 
imself, and b ee of general relativity, by Einstein 
a few of the oF eyl, Kaluza and Klein, to mention only 
entirely satisfact ers, but none of these attempts has been 
€cause the pl ory. For the present, we may ignore this work, 
electroma se anets are not subject, as wholes, to appreciable 
that has E 5 uoo sub-atomic forces; it is only gravitation 
with which e considered in accounting for their motions, 
Ou hA we are concerned in this chapter. 
interval b postulate, that a light-ray travels so that the 
that it Aee two parts of it is Zero, has the advantage 
ESE R not have to be stated only for small distances. 
AN ae e bit of interval is zero, the sum of them all is 
zero i nd so even distant parts of the same light-ray have a 
nterval, The course of a light-ray 1S also a geodesic 


according to this postulate. Thus we now have two empirical 
ways of discovering what are the geodesics in space-time, 
namely light-rays and bodies moving freely. Among freely- 
Moving bodies are included all which are not subject, as 
wholes, to appreciable electromagnetic or sub-atomic forces, 
that is to say, the sun, stars» planets and satellites, and also 
falling bodies on the earth, at least when they are falling in 
a vacuum. When you are standing on the earth, you are 
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subject to electromagnetic forces: the electrons and protons 
in the neighbourhood of your feet exert a repulsion on your 


feet which is just enough to overcome the earth’ 
This is what prevents 


which, solid as it look 


s gravitation. 
you from falling through the earth, 
S, is mostly empty space. 


Chapter 9 


Proofs of Einstein’s Law 
of Gravitation 


s law of gravitation rather 


The reasons for accepting Einstein’ 
1, partly logical. We will 


than Newton’s are partly empirica 
begin with the former. 
fone new law of gravitation gi 

sults as the old, when applied to t 
s the planets and their satellites. 
he true, since the consequences d 
a been found to be almost exactly 

hen, in 1915, Einstein first published the new law, there 
Was only one empirical fact to which he could point to show 
that his theory was better than the old one. This was what 
is called the motion of the perihelion of Mercury. 

The planet Mercury, like the other planets, moves round 
the sun in an ellipse, with the sun in one of the foci. At some 
Points of its orbit it is nearer to the sun than at other points. 
The point where it is nearest to the sun is called its 

perihelion’, Now it was found by observation that, from one 
Occasion when Mercury is nearest to the sun until the next, 
Mercury does not go exactly once round the sun, but a little 
bit more. The discrepancy is very small; it amounts to an 
angle of forty-two seconds in a century. Since Mercury goes 
round the sun rather more than four hundred times a century, 
it must move about one-tenth of a second of angle more than 


a complete revolution to get from one perihelion to the next. 
This very minute discrepancy from Newtonian theory had 
s a calculated effect due to 


Puzzled astronomers. There wa 


ves very nearly the same 
he calculation of the orbits 
If it did not, it could not 
duced from the old law 
verified by observation. 
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perturbations caused by the other planets, but this an 
discrepancy was the residue after allowing for ee 
perturbations. The new theory accounted exactly for thi 
residue. There is a similar effect in the case of the one 
planets, but it is much smaller and has not yet been observe 
with certainty. The perihelion effect in the motion of Mercury 
Was, at first, the new theory’s only empirical advantage over 
the old. 

The second success Was more sensational. According to 


orthodox opinion, light in a vacuum ought always to travel 
in straight lines, Not bein: 
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However, it has recently been discovered that among the 
strong star-like sources of radio waves, called quasars, there 
are some whose emissions pass quite close to the sun, as seen 
from the earth, at certain times of year. The prediction of 
the new theory about the deflection of light applies equally 
to the deflection of radio waves, and by using two or more 
radio telescopes twenty miles or so apart it is possible to 
measure the deflection with great precision. The results agree 
closely with the predictions of the new theory. 

The third experimental prediction of the new theory has 
also been confirmed very precisely, although the experiment 
1s no longer carried out in the way originally proposed by 
Einstein. Before explaining the effect in question, a few 
Preliminary explanations are necessary. The spectrum ofan 
element consists of certain lines of various shades of light, 
emitted by the element when it glows, which may be 
separated by a prism. They are the same (to a close 
approximation) whether the element is on the earth, the sun 
or a star, Each line is of some definite shade of colour, with 
Some definite wave-length. Longer wave-lengths are towards 
the red end of the spectrum, shorter ones towards the violet 
end. When the distance between you and the light source 
5 decreasing, the apparent wave-lengths grow shorter, just 
aS waves at sea come quicker when you are travelling against 
the wind. When the distance is increasing, the apparent wave- 
lengths grow longer, for the same reason. This enables us 
to know whether the stars are becoming nearer to or more 
distant from us. If the separation is decreasing, all the lines 
in the spectrum of an element are moved a little towards 
violet; if increasing, towards red. You may notice the 
analogous effect in sound any day. If you are 1 BSE Oe 
and an express comes through whistling, the note of the 
Whistle seems much more shrill while the train is approaching 
you than when it has passed. Probably many people think 


the note has ‘really’ chaged, but in fact the change in what 
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you hear is only due to the fact that the train ees 
approaching and then receding. To people in the ori E 
was no change of note. This is not the effect abou ae 
the prediction was made. According to the new e ia 
any periodic process which takes place in an ato bel 
for the same time ‘interval’, wherever the atom may ay 
But a time interval in one place does not correspond pie. 
to the same time interval somewhere else; this 1S ae 
to the ‘hilly’ character of Space-time which constitu 
ravitation. ; 

g The theory predicts that a periodic process besa a, 
place in an atom at ground level will take place at a slig 


£ i ks of a 
slower rate than it would in a similar atom at the top 
tall building. The emis 


periodic process; 
allow more space 
Produce light of a 
given line in the sp 
the ground to the t 
top a little nearer 
light came from a 

Einstein’s predicti 


the last twenty-fiv 
which make it 


osë 
Possible to send light signals WP 
wave-lengths are ki 


d the 
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predicted effect has now been accurately confirmed by many 
different experiments. 

There are many other differences between the new law of 
gravitation and the old, some of which have been decisively 
confirmed by experiment. One of the most precise of these 
is the ‘time delay’ effect, which was not predicted until 1964, 
almost fifty years after the new theory was proposed. 


The reason for this may be that the time delay in question 
is no more than a few hundred millionths of a second, and 
the measurement of such short times has only recently become 
possible. The prediction is that it will take a light signal longer 
to travel from one chosen place to another if there is a 
gravitational ‘hill’ nearby than if not. In the experiments, 
radar signals, to which the prediction applies equally, 
are sent from the earth to one of the other planets, or 
to an artificial satellite, and reflected back to earth. The 
Measurements are made when the reflecting agent 1s on the 
further side of the sun, which acts as the gravitational hill. 
The results confirm the predictions of the theory very exactly, 
in some cases to within one part in a thousand. } 

The above experimental tests are quite sufficient to 
convince astronomers that, where the new theory and the 
old differ as to the motions of the heavenly bodies, 1t 1S the 
new one that gives the right results. Even if the empirical 
grounds in favour of the new theory stood alone, they would 
be conclusive. Whether the new law represents the exact 
truth or not, it is certainly more nearly exact than the old, 
though the inaccuracies in the old law were all exceedingly 
minute. i 

But the considerations which originally led to the discovery 
of the new law were not of this detailed kind. Even th 
consequence about the perihelion of Mercury, which zy 
be verified at once from previous observations, could only 
be deduced after the theory was complete, and could not form 


96 ABC of Relativity 


any part of the original grounds for inventing sucha ey 
These grounds were of a more abstract logical characte 3 
do not mean that they were not based upon observed n : 
and I do not mean that they were a priori fantasies suc A 
philosophers indulged in formerly. What I mean is t of 
they were derived from certain general characteristics w 
physical experience, which showed that the old law me 3 
be wrong and that something like the new law must 
substituted. i 

The arguments in favour of the relativity of motion a 
as we saw in earlier chapters, quite conclusive. In daily li a 
when we say that something moves, we mean that it moi 
relatively to the earth. In dealing with the motions of t 
planets, we consider them as moving relatively to the sun» 


a 
or to the centre of mass of the solar system. When wea 7 
that the solar system itself is moving, we mean that ! 
moving relatively to the stars, 


There is no physical occurrent 
which can be called ‘absolute motion’. Consequently the 13 e 
of physics must be concerned with relative motions, 50° 
these are the only kind that occur, 


ae 2 att an WU 
€ now take the relativity of motion in conjunction W me 

the experimental fact that the velocity of light is the sate 

relatively to one body as relatively to another, howevet 


two may be moving. This leads us to the relativity of distance 
and times-alitean turn shows:that there is no ae 
physical fact which can be called ‘the distance between t i 
bodies at a given time’, since the time and the distance W $ 
both depend on the Observer. Therefore the old Jaw 
gravitation is logically untenable, since it makes use 
‘distance at a given time’, 7w. 
This shows that we cannot rest content with the oa 
but it does not show what we are to put in its place- Jace 
several considerations enter in. We have in the first P ti 
what is called ‘the equality of gravitational and es a 
mass’. What this means is as follows: When you apply 
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given force! to a heavy body, you do not give it as 
much acceleration as you would to a light body. What is called 
the ‘inertial’ mass of a body is measured by the amount of 
force required to produce a given acceleration. At a given 
Point of the earth’s surface, the ‘mass’ is proportional to the 
weight’. What is measured by scales is rather the mass than 
the weight: the weight is defined as the force with which 
the earth attracts the body. Now this force is greater at the 
poles than at the equator, because at the equator the rotation 
of the earth produces a ‘centrifugal force’ which partially 
counteracts gravitation. The force of the earth’s attraction 
is also greater on the surface of the earth than it is at a great 


height or at the bottom of a very deep mine. None of these 


variations are shown by scales, because they affect the weights 
used just as much as the body weighed: but they are shown 
if we use a spring balance. The mass does not vary in the 
Course of these changes of weight. 

The ‘gravitational’ mass is differently defined. It is capable 
of two meanings. We may mean (1) the way a body responds 
in a situation where gravitation has a known intensity, for 
example, on the surface of the earth, or on the surface of 
the sun; or (2), the intensity of the gravitational force 
Produced by the body, as, for example, the sun produces 
Stronger gravitational forces than the earth does. The old 
theory says that the force of gravitation between two bodies 
is proportional to the product of their masses. Now let us 
consider the attraction of different bodies to one and the same 
body, say the sun. Then different bodies are attracted by 
forces which are proportional to their masses, and which, 
therefore, produce exactly the same acceleration in all of them. 


' Tt has been pointed out already that in the new theory, gravitational 
force’ is no longer to be regarded as one of the fundamental concepe 2 
dynamics, but only as a convenient way of speaking, which can sti a 
employed like ‘sunrise’ and ‘sunset’, provided we realise what ee l. 
Often it would require very roundabout expressions to avoid the term ‘force’. 


98 ABC of Relativity 


Thus if we mean ‘gravitational mass’ in sense (1), that 1G 
Say, the way a body responds to gravitation, we find that E 
equality of inertial and gravitational mass’, which soun i 
formidable, reduces to this: that in a given gravitet oaa 
situation, all bodies behave exactly alike. As regards t n 
surface of the earth, this was one of the first discoveries 0 
Galileo. Aristotle thought that heavy bodies fall faster than 
light ones; Galileo showed that this is not the case, when 
the resistance of the air is eliminated. In a vacuum, a feather 
falls as fast as a lump of lead. As regards the planets, it was 
Newton who established the corresponding facts. At a given 
distance from the sun, a comet, which has a very small mass, 
experiences exactly the same acceleration towards the sun 
as a planet experiences at the same distance. Thus the way 
in which gravitation affects a body depends only upon where 
the body is, and in no degree upon the nature of the body: 
This suggests that the gravitational effect is a characterise 
of the locality, which is what Einstein made it. s 
vitational mass in sense (2), i.e. the intensity 
oduced by a body, the new theory predic A 
me as the gravitational mass in sense (1). Ż 


: s 
least one experiment has been done which confirms thi 
prediction. 


. . . i he 
indication as to what sort of thing A 
‘ n must be, if it is to be a characteristic it 
4 neighbourhood, as we have seen reason to suppose that 


must not, to begin 


: o 
' ' aw correctly in terms of one set TA 
co-ordinates, it must be expressed by the same formula i 
terms of another set of co-ordinates. Or, more exactly, it mus 
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be Possible to find a formula which expresses the law, and 
which is unchanged however we change the co-ordinates. It 
is the business of the theory of tensors to deal with such 
formulae. And the theory of tensors shows that there is one 
formula which appears more appropriate than others as being 
Possibly the law of gravitation. When this possibility is 
examined, it is found to give the right results; it is here that 
the empirical confirmations come in. But if the new law had 
Not been found to agree with experience, We could not have 
gone back to the old one. We should have been compelled 
by logic to seek some law incorporating the relativity of 
Motions, distances and times, and expressed in terms of 
tensors’. It is impossible without mathematics to explain the 
theory of tensors; the non-mathematician must be content 
to know that it is the technical method by which we eliminate 
the conventional element from our measurements and laws, 
and thus arrive at physical laws which are independent of 
the observer’s point of view. Of this method, Einstein's law 
of gravitation is the most splendid example. 


Chapter 10 


Mass, Momentum, 
Energy, and Action 


it is 
a ey oes š sasit 
The pursuit of quantitative precision is as arduou 
important. Ph 


y ra- 
ysical measurements are made va E 

ordinary exactitude; if they were made less careful a the 
minute discrepancies as form the experimental data atica 
theory of relativity could never be revealed. Mee o! 
physics, before the coming of relativity, used a hysica 
conceptions which were supposed to be as precise as p y 
measurements, but it has turned out that they were log} ve 
defective, and that this defectiveness showed itself in tion. 
small deviations from expectations based upon calculat en 
In this chapter I want to show how the fundamental ‘ions 
of Pre-relativity physics are affected, and what modifica 
they have had to undergo, Hoy 

We have already had Occasion to speak of mass. | the 
purposes of daily life, mass is much the same as weight iiy 
usual measures of weight — Ounces, grams, etc. — are T rate 
Measures of mass, But as Soon as we begin to make aCe 
measurements, we are compelled to distinguish betwee? e in 
and weight, ifferent methods of weighing sprit 
common Use, One, that Of scales, the other that of the ee ed, 
bal 80 a journey and your luggage is We es 
It 1s not put on scale. 


Two diffe 
balance. When you : sS 
t S, but on a spring; the weight dep” y 
the spring a certain 
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of the world, the difference does not matter; but ifyou test two 
weighing machines of different kinds ina number of different 
places, you will find, if they are accurate, that their results do 
Bot always agree. Scales will give the same result anywhere, but 
a spring balance will not. That is to say, if you have a lump of 
lead weighing 10 Ib. by scales; it will also weigh 10 Ib. by scales 
in any other part of the world. But ifit weighs 10 1b. by a spring 
balance in London, it will weigh more at the North Pole, less 
at the equator, less high up in an airplane, and less at the bottom 
ofa coal-mine, if it is weighed in all those places on the same 
spring balance. The fact is that the two instruments measure 
quite different quantities. The scales measure what may be 
called (apart from refinements which will concern us presently) 
quantity of matter’. There is the same ‘quantity of matter’ in 
a pound of feathers as in a pound of lead. Standard ‘weights’, 
which are really standard ‘masses’, will measure the amount 
ws mass in any substance put into the opposite scales. But 
weight’ is a property due to the earth’s gravitation: it 1s the 
amount of the force by which the earth attracts a body. This 
force varies from place to place. In the first place, anywhere 
Outside the earth the attraction varies inversely as the square 
of the distance from the centre of the earth; it is therefore less 
at great heights. In the second place, when you go down a coal- 
Mine part of the earth is above you, and attracts matter upwards 
instead of downwards, so that the net attraction downwards is 
less than on the surface of the earth. In the third place, owing 
to the rotation of the earth, there is what is called a ‘centrifugal 
force’, which acts against gravitation. This is greatest at the 
equator, because there the rotation of the earth involves the 
fastest motion; at the poles it does not exist, because they are 
on the axis of rotation. For all these reasons, the force with 
which a given body is attracted to the earth is measurably 
different at different places. It is this force that is measured by 
a spring balance; that is why a spring balance gives ee 
results in different places. In the case of scales, the standar 
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i hed, 
‘weights’ are altered just as much as the body to Sen is the 
So that the result is the same everywhere; but el ame mass 
‘mass’, not the ‘weight’. A standard ‘weight aes i of mass; 
everywhere, but not the same ‘weight’; itis in facta K is almost 
not of weight. For theoretical Purposes, mass, whic nt than 
invariable for a given body, is much more Oe maybe 
weight, which varies according to circumstances. ya see that 
regarded, to begin with, as ‘quantity of. matter’; we sha tarting- 
this view is not Strictly correct, but it will serve as as 
point for subsequent refinements. 

For theoretical purposes 
by the amount of force re 
the more massive abody 


. + i i Q 
he acceleration, We may take, in illustration 
„an example which is 


AN 
a0 important in Saree. 
relativity, Rai io-active bodies emit electrons with eno travel 
velocities, We can observe their path by making them 
through Water 


We canat 
ime Pour and form a cloud as they go. netic 
the same time Subject them to known electric and mag” 
forces, and Observe how m 


ight 
; uch they are bent out ofa sere 
line by these forces, This makes it possible to compare their 
masses. It is foung that the faster they travel, the greater aah 
masses, as Measured the Stationary observer. It is sha 
otherwise that, apart from the effect ofmotion, all electron 

the same mass. 


ity WS 
All this was kno before the theory of roay oe f 
invented, but it showed that the traditional conceptio’ 


scri 
definiteness that had been a 
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9 T Mass used to be regarded as ‘quantity of matter’, and 
a pineed to be quite invariable. Now mass was found to be 
= ative to the observer, like length and time, and to be altered 
Y Motion in exactly the same proportion. However, this 
Could be remedied. We could take the ‘proper mass’, the mass 
as measured by an observer who shares the motion of the 
body. This was easily inferred from the measured mass, by 
taking the same proportion as in the case of lengths and times. 
h But there is a more curious fact, and that is, that after we 
ave made this correction we still have not obtained a quantity 
Which is at all times exactly the same for the same body. When 
a body absorbs energy — for example, by growing hotter — 
Mts ‘proper mass’ increases slightly. The increase is very slight, 
Since it is measured by dividing the increase of energy by 
the square of the velocity of light. On the other hand, when 
à body parts with energy it loses mass. The most notable 
Case of this is that four hydrogen atoms can come together 
to make one helium atom, but a helium atom has rather less 
than four times the mass of one hydrogen atom. This 
Phenomenon is of the greatest practical importance. It is 
thought to occur in the interior of stars, providing the energy 
Which we see as starlight and which, in the case of the sun, 
Supports terrestrial life. It can be also made to occur in 
terrestrial laboratories, with an enormous liberation of energy 
in the form of light and heat. This makes possible the 
Manufacture of hydrogen bombs, which are virtually 
unlimited in size and destructive power. Ordinary atomic 
bombs, which work by the disintegration of uranium, have 


a natural limitation: if too much uranium is collected into 
itself, without waiting 


One place, it is liable to explode by i 
to be detonated, so that uranium bombs cannot be made with 
more than a certain maximum size. But a hydrogen bomb 
may contain as much hydrogen as we please, because 
hy drogen by itself is not explosive. It is only when the 

drogen is detonated by a conventional uranium bomb that 
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is is 
it combines to form helium and release energy. T 
because the combination can only take place at a very 
temperature, ium in the 
There is a further advantage: the supply of faire: 
planet is limited, and it might be feared that it would 
up before the human race w utilised, 
the Practically unlimited supply of hydrogen can be ay put 
: ble reason to hope that the race may 


Who is in Motion relati 


4 TYAS 
quantity, and has no Physical significance as a propery 
the body. The ‘prop 


er Mass’ is a genuine property ef not 
body, upon the observer; but it, also: Se 
We shall see Shortly, the notion © sents 
nto the notion of energy; it ES i y: 
8y Which the body expends inte rld: 
aS Opposed to th which it displays to the outer wo an 
Snservation of mass, Conservation of momentum” ical 
Conservati of energy were the great principles oficia H 
mechanics, Let Us next Consider conseryation of Ree joci 
5 i 7 i ion is ll 
in that direction multiplied oe Lopes a heavy rae 
moving slow] May have the same momentum as a light b ay» 
p oving fast. When a sumber of bodies interact in any ie 
or Instance by Col isions, or by mutual gravitation, S0 fall 
as no outside Influences come in, the total momentum Jaw 
the bodies in any direction remains unchanged. a ren! 
remains true in theory of relativity. For di city; 
Observers, the mass will be different, but so will the vel t 
these two differences A 


it turns © 
ME ` Neutralise €ach other, and it 
that the Principle stil] Temains true. 


i 
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ies of a body is different in different 
velocity in e ordinary way of measuring it is to take the 
and multi given direction (as measured by the observer) 
Now the a it by the mass (as measured by the observer). 
in that ane Ocity in a given direction 1s the distance travelled 
distance et in unit time. Suppose we take instead the 
through tavelled in that direction while the body moves 
slight “ea interval’. (In ordinary cases, this is only a very 
that o fiche 2 because, for velocities considerably less than 
Bais ight, interval is very nearly equal to lapse of time.) 
jee ites that instead of the mass as measured by the 
the a we take the proper mass. These two changes increase 
pro Ocity and diminish the mass, both in the same 
ee aon, Thus the momentum remains the same, but the 
laced: that vary according to the observer have been 
obser ed by quantities which are fixed independently of the 
ver — with the exception of the distance travelled by 


the body in the given direction. 
me gan we substitute space-time for time, We find that the 
of reg mass (as opposed to the proper mass) isa quantity 
the same kind as the momentum in a given direction; it 
ut be called the momentum in the time-direction. The 
b asured mass is obtained by multiplying the invariant mass 
RAEG time traversed in travelling through unit interval; the 
mentum is obtained by multiplying the same invariant 
ae by the distance traversed (in the given direction) in 
Tavelling through unit interval. From a space-time point of 
View, these naturally belong together. 
Although the measured mass of a body depends upon the 


way the observer is moving relatively to the body, it is none 
The conservation of 


the less a very important quantity. i 
measured mass is the same thing as the conservation of 
energy. This may seem surprising, since at first sight mass 
and energy are very different things. But it has turned out 
that energy is the same thing as measured mass. To explain 
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how this comes about is not easy: nevertheless we will make 
the attempt. é 

In eae talk, ‘mass’ and ‘energy’ do not aen at all 
same thing. We associate ‘mass’ with the idea of a fat s hin 
in a chair, very slow to move, while ‘energy’ suggests ‘niet 
person full of hustle and ‘pep’. Popular talk ae de 
With ‘inertia’, but its view of inertia is one-sided: it a pings 
slowness in beginning to move, but not slowness in s tail 
which is equally involved. All these terms have E B 
meanings in physics, which are only more or less an: we 
to the meanings of the terms in popular talk. For the P ee 
we are concerned with the technical meaning of ‘en 


eat 
Throughout the latter half of the nineteenth century, a g" 
deal was made of 


‘persistence of force’ 
it. This Principle w 
because of the diffe: 
Point was that ener; 


to be natural that it anon 
her forms of energy, Broadly speaking, Y ae 
help of a certain amount of theory, all forms of energy ` an 
reduced tO Wo, which were Called respectively ‘kinetic 

Potential’. These were defined as follows: :plied 

The kinetic “nergy of a particle is half the mass multip ber 

by the square ofthe velocity. The kinetic energy of a e 
of particles is the sum of the kinetic energies of the sepa 
particles. 
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The potential energy is more difficult to define. It 
Tepresents any state of strain, which can only be preserved 
by the application of force. To take the easiest case: ifa weight 
is lifted to a height and kept suspended, it has potential 
energy, because, if left to itself, it will fall. Its potential energy 
is equal to the kinetic energy which it would acquire in falling 
through the same distance through which it was lifted. 
Similarly, when a comet goes round the sun ina very eccentric 
orbit, it moves much faster when it is near the sun than when 
it is far from it, so that its kinetic energy İS much greater 
when it is near the sun. On the other hand its potential energy 
1s greatest when it is farthest from the sun, because it is then 
like the stone which has been lifted to a height. The sum 
of the kinetic and potential energies of the comet are constant, 
unless it suffers collisions or loses some of its material. We 
can determine accurately the change of potential energy 1n 
Passing from one position to another, but the total amount 
Of it is to a certain extent arbitrary, since we can fix the zero 
level where we like. For example, the potential energy of our 
Stone may be taken to be the kinetic energy İt would acquire 
in falling to the surface of the earth, or what it would acquire 
in falling down a well to the centre of the earth, or any 


assigned lesser distance. It does not matter which we take; 
We are concerned with 


So long as we stick to our decision. 
a profit-and-loss account, which is unaffected by the amount 
Of the assets with which we start. j 

Both the kinetic and the potential energies of a 
Of bodies will be different for different observers. In classica 
dynamics, the kinetic energy differed according to the state 


i unt; 
of motion of the observer, but only by 3 cons nay. for 
the potential energy did not differ at all. Consequen Ys m 
aa Observer, the total energy Was C PEN 
always that ers concerned were movi 
y: the observi if not, were able to refer 


lines wi e ney 
with uniform velocities, Of : 
their motions to bodies which were so moving. But in 


a given set 
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icated. 
relativity dynamics the matter becomes more compli aia 
The Newtonian ideas of kinetic and potential ee g 
without much difficulty be adapted to the special theo’ a a 
relativity. But we cannot profitably adapt the idea of pote we 
energy to the general theory of relativity, nor i o 
generalise the idea of kinetic energy, except in the ca the 
a single body. Therefore the conservation of energy, 1” son 
usual Newtonian sense, cannot be maintained. The bodies 
is that the kinetic and Potential energies of a system of ae 
are inherently ideas which refer to extended regions of SP 


1 A z ani 
time. The very wide latitude in choice of coordine in 
the hilly character of space-time, which were explain 
Chapter 8, combini 


2 ce 
( € to make it very awkward to intro a 
ideas of this sort into the general theory. There e 
conservation law in the Seneral theory, but it is not as uS the 
laws in Newtonian mechanics a nd if co- 
cause it depends on the choice o have 
which is difficult to understand. We is 4 
Seen that independence of the choice of co-ordinates 
guiding principle į 


ich t 
1 In the general theory of relativity, an¢ |. 
Conservation law į 


e 
hich hat the’ 
icultian oe It should be remembered t «4 the 


nt 

© conservation of energy arise only i ef 

Sia aeind not in th ial theory. Whene” s 
gravitation m. e€ special theory come 
; ay be neglected and the special theory becs ed: 
applicable, the Conservation of energy can be maintain f 
What is meant by ‘ ervation’ in practice is not x4°": 


: E bY ‘cons tity » 
what it means in the In theory we say that a quan 


ory, 
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he when the amount of it in the world is the same 
a y one time as at any other. But in practice we cannot 

rvey the whole world, so we have to mean something more 
Manageable. We mean that, taking any given region, if the 
eo ue quantity in the region has changed, it is because 
he, of the quantity has passed across the boundary of the 
NEON: If there were no births and deaths, population would 

€ conserved; in that case the population of a country could 
ad change by emigration or immigration, that is to say, 

y passing across the boundaries. We might be unable to take 
an accurate census of China or Central Africa, and therefore 


ve might not be able to ascertain the total population of the 
orld. But we should be justified in assuming it to be constant 
the population never 


heryer statistics were possible, é 
nged except through people crossing the frontiers. In fact, 
of course, population is not conserved. A physiologist of my 
acquaintance once put four mice into a thermos. Some hours 
ater, when he went to take them out, there were eleven of 
them. But mass is not subject to these fluctuations: the mass 
Of the eleven mice at the end of the time was no greater than 
the mass of the four at the beginning. i 
This brings us back to the problem for the sake of which 
we have been discussing energy. We stated that, in relativity 
theory, measured mass and energy are regarded as the same 
thing, and we undertook to explain why. It is now Um? to 
embark upon this explanation. But here, as at the end of 
Chapter 6, the totally unmathematical reader will do well 
to skip, and begin at the following paragraph. : 
_ Let us take the velocity of light as the unit of velocity; this 
1s always convenient in relativity theory- Let m be the proper 
Mass of a particle, v its velocity relative to the observer- Then 


its measured mass will be 


JTF 


110 ABC of Relativity 


ill 
ula, W1 
while its kinetic energy, according to the usual formula, 

be 


Yamv? 


s -and-loss 
As we saw before, energy only occurs in a pona it that 
account, so that we can add any constant dany 
we like. We may therefore take the energy to 


m + Yamv? 


Now if v is a sm 


Ss 

s * m 
all fraction of the velocity of light, 
‘hmv? is almost e 


xactly equal to 


ger 


ses haves 
for velocities such as large bodies ig in- 
the energy and the measured mass turn out to 
distinguishab] 


n 
ay Ae inable- I 
€ within the limits of accuracy attain’ 


Cot d ta 
fact, it is better to our definition of energy, an! 


s alter 
it to be 


m 


VAES 


s t0 

quantity for which the law aaloe i 

conservation holds. An when the velocity is very 8" ula. 

Elves a better Measure of energy than the traditional Pia a 

adi ula must therefore be regarded exact 

approximation, of Which the new formula gives the om 
version. In thi energy and measured mass bec 


aiar 
; 7 a6" mili 
tion of ‘action’, which is less fa e 


0! 
but has become ™ 
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important in relativity physics, as well as in the quantum 
theory. (The quantum is a small amount of action.) The word 
‘action’ is used to denote energy multiplied by time. That 
is to say, if there is one unit of energy in a system, it will 
exert one unit of action in a second, 100 units of action in 
100 seconds, and so on; a system which has 100 units of 
energy will exert 100 units of action in a second, and 10,000 
in 100 seconds, and so on. ‘Action’ is thus, in a loose sense, 
a measure of how much has been accomplished: it is increased 
both by displaying more energy and by working for a longer 
time. Since energy is the same thing as measured mass, we 
may also take action to be measured mass multiplied by time. 
In classical mechanics, the ‘density’ of matter in any region 
is the mass divided by the volume; that is to Say if you know 
the density in a small region, you discover the total amount 
of matter by multiplying the density by the volume of the 
Small region. In relativity mechanics, we always want to 
Substitute space-time for spaces therefore a ‘region’ must no 
longer be taken to be merely a volume, but a volume lasting 
for a time; a small region will be a small volume lasting for 
a small time. It follows that, given the density, a small region 
in the new sense contains, not a small mass merely, but a 
small mass multiplied by a small time, that is to say, a smal 


amount of ‘action’. This explains why it is to be expected 
in relativity 


that ‘action’ will prove of fundamental importance 1n 
mechanics, And so in fact it is. i 

The postulate that a freely-moving particle follows a 
geodesic may be replaced by an equivalent assumption about 
the ‘action’ of the particle. Such an assumption is called a 
Principle of Least Action. This states that, in passing from 
One state to another, a body chooses â route involving 
action than any slightly different route ~ again a law A 
cosmic laziness! Principles of least action are not restricte 
to single bodies. It is possible to make a similar assumption 


Which leads to a description of space-time as a whole, 
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complete with hills and valleys. Such principles, which play 
a central part in quantum theory as well as in relativity, are 


the most comprehensive means of stating the purely forma 
part of mechanics. 


Chapter 11 


The Expanding Universe 


ith experiments and 
the earth or the solar 
to reach so far afield 


ge much farther: we 
he universe 


We h 
a ‘ 

ae been dealing hitherto W 

system Gals most of which concern 

aS the Poe! occasionally have we had 

shall see ne this chapter we shall ran; 

sta SEA at relativity theory has to say about t 

he cen 

are SA observations whic 

ved to be in broad terms We 


contin 
ually being revised as the 
tions possib! 


hese results are qu! 
hat we are dealing 


be discussing 


Jl established, but are 
ion of new 


e. Moreover, the 


he same solidity as 


whic 

an Pe haye been concerned hitherto. They cert 

truths and nt. Science does not aim at establishing immutable 
y eid erea dogmas: its aim 1S to approac 

Stage Gio approximations, without claiming 
A pee and complete accuracy 

appearan preliminary ¢*P bout the genera 

about tee of the universe are ne 

sun is e distribution of matter on a Vety 

one star in a system of many millions of stars calle 


‘th 
whe palai The Galaxy 1s shaped like a 107 
se , with spiral arms of stars coming out ofa 
ee a n lies in © 
000 light-years © 
th 7. ght-year 
e Galaxy. This distance, 


arms of stars, probably 
the centre of the hub of 


measurements on the 


ne of the spiral 
ut from 
like most 
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evised in 
galactic scale, is difficult to estimate, and may Pile. 
the future. (On the galactic Scale, distances Ges light t ravels 
in light-years, A light-year is the distance whic the speed 0 
in a year: you may calculate it by p otplying r of seconds 
light, which is given on p, 20, by the num z the answer 
in a year, which js 31,536,000. IF you ee ) 
into miles, it is nearly six million million mi feng which 
The Milky Way, a bright band of stars across the n view 0 
is easily visible on a clear night, is just our edge-o 


a m. 
aA : iral ar a 
the rest of the Galaxy from our position in the Sp 
he outlines of thi 


Ody of stars is abou droge, 
Stars the Galaxy contains a great deal of gas, mostly hy’ 
and dust, as well as 
identified, This un 


Spherical cloud w 
distriby 


: . nated 
: i tima 
Moves relative to the hub with a speed «of speed 
to be near 220 kilometres a second. Ifthe Sena call the 
and of distance to the centre are Correct, then it 


ro 
million years to 80 once all the way 
the hub. 


ing 
: Pe ee undi 
The mass of the galactic material within the sur Ab mass 
cloud is thought to be about a million million times 

of the sun. 


[etl 
J lites, 
The Galaxy is known to have a retinue of satel 
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which the nearest and best known are the Magellanic Clouds, 
which lie about two hundred thousand light-years from the 
centre. 

The Galaxy is by no means alone in the universe. It is one 
among many millions of similar systems scattered throughout 
the region which our telescopes can explore. The other 
systems are also called galaxies (or sometimes ‘nebulae’). Some 
galaxies are flattened, with spiral arms like our own, others 
are round like footballs or oval like rugby balls, still others 
quite irregular in shape. 

Galaxies show a distinct tendency to be collected into 
groups. These groups are called ‘clusters’. A single cluster 
May contain hundreds or thousands of individual galaxies, 
each of which, like our own, may i 
Stars. Our Galaxy belongs to a sma 
Group. The number of members of the Local Group is not 
certain, because several possible members are very faint, 
but it is thought that there are no more than twenty 

in the Local Group, 


of them. The best-known galaxy 1n 
and the nearest spiral, is the Andromeda galaxy, named 


after the constellation in which it appears: It is about 
two million light-years away, and is faintly visible to 
the naked eye. The Local Group may be about three million 
light-years across. 


contain many millions of 
UI cluster called the Local 


_ Clusters of galaxies are found, in their turn, to be grouped 
into larger entities, called superclusters. A supercluster may 
be 30 million to 100 million or more light-years across, and 
its mass may be as much as ten thousand times the mass of 
the whole Galaxy. It is at present believed that superclusters 


are the largest identifiable aggregations of material in the 


universe. 
Although it is thought that single clusters AFE held together 
by the gravitational attraction between their component 
whether the same is true of 


galaxies, it is not yet clear i 
Superclusters or not. The existence of the latter is fairly well 
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established by observation, but nothing is known about their 
development. 

Recent observations Suggest that between the supercup 
there are voids, containing little or no visible material, an 
probably even larger than the superclusters themselves. 

Despite the aggregation of stars into galaxies, galaxies Be 
clusters, and clusters into superclusters, it is usually pe 
that on a sufficiently large scale, the universe is approxima 
uniform, and that the part of it which is observable wit 
existing instruments may be typical of the universe as a whole. 

This idea that the universe is uniform on a large scale, 
which was Suggested long before there was editor 
astronomical evidence for it, has now acquired the status ‘i 
a fundamental postulate. It is usually called the ‘cosmologica 
Principle’. The cosmological principle is really only a” 
extension of Copernicuss ideas. As soon as we give up the 
egotistical notion that the earth is at the centre of all things, 
alise that the sun, which is an or dinary 
aim than the earth to a special place 1” 


way. Suppose you Were put into a box without windows a” 
transported to a di 


earth — the geographical details of your new environment 
would be different — ut according to the cosmologica 
Principle, the overal] appearance of the universe would be 
the same. Aside from details, you would not be able to tel 
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e phenomenon which might 
local cluster of galaxies does 
in the universe. This is the 
stant galaxies. As we 
henomenon that the 


There is one very remarkabl 
have led us to suppose that our 
after all have a special position 
so-called ‘red-shift’ in the spectra of di 
shall now see, it is because of this p 
universe is said to be expanding. 
_ We are concerned here with an e 
in Chapter 9,' although in that chapter we were not 
directly concerned with it. You will remember the analogy 
with sound which was introduced then: if a train is moving 
towards you then the pitch of its whistle is higher than if 
It is standing still, while if it is moving away from you the 
Pitch is lower. The effects are very similar in the case of light. 
If the source of light is moving towards you, then the whole 
spectrum of the light is shifted towards the violet; if the source 
is moving away from you, then the whole spectrum is shifted 
towards the red. These shifts of the spectrum correspond 
to the changes of pitch of the train whistle. The amount of 
the shift depends on the rate of change of the distance between 
you and the light source. (This has nothing to do with the 
speed of the light itself, which as we have seen is independent 
of the motion of its source.) This shift of the spectrum 
provides a means of determining the speeds of stars and 
galaxies, by comparing the spectra of the light which they 
send out with similar spectra produced in laboratories on 
earth. The speeds of galaxies in the local group, measure 


in this way, range up to about 300 miles a second. This is 
, but because of the great 


very fast by everyday standards, se 
distances between the galaxies jt would be millions of years 
before there was any noticeable change in their positions. 

Some of the galaxies in the local group are moving towards 
us, others away from us. There is nothing very remarkable 
about this motion, which might be compared to the motion of 


ffect which was explained 


l On pages 93 and 94. 
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bees in a swarm. The bees move about relative to one another, 2 
but the swarm as a whole keeps together. The situation 1S 
rather different when we come to examine clusters other na 
our own. Here again there are internal motions in €a° 
cluster, but all the other clusters appear to be moving away 
from our own, and the further away they are, the faster they 
appear to be moving. It is this remarkable phenomenon whic 
suggests that the universe is expanding. 

Because all the other clusters appear to be moving away 
from ours, we might be inclined to think that the local group 
is in some way at the centre of the expanding universe. This 
would be a mistake, because it ignores the relative character 
of motion which has been pointed out repeatedly in this book. 
Consider again the analogy with swarms of bees. Suppose 
that they are very well-trained swarms, which hover above 
the ground ten yards apart in a line running from west tO 
east. Then suppose that one of the swarms stays at rest relative 
to the ground, while the swarm ten yards to the east of it 
moves east at a yard a minute, the swarm twenty yards tO 
the east moves east at two yards a minute, and so on, while 
the swarms to the west of the fixed swarm move west at 
similar speeds. Then it will appear to a bee in any of the 
swarms, fixed or moving, that all the other swarms are 
receding at speeds proportional to their distances. If the 
ground were not available as a standard of rest, then there 
would be no reason to think that any one of the swarms was 
picked out in a special way. 

The behaviour of the clusters of 
Of course they are distributed ir 
instead of being lined up like Our well-trained swarms, but 
as in the case of the swarms, it appears to an ob in an 
cluster that all the others are receding, Secs m.a 7 
absolute standard of rest in the universe the a en of 
expansion is the same for all the cluster Beets 


t s. 
The most distant cluster so far investigated has a red 


galaxies is entirely similar. 
Tegularly in all directions 


shift 
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Corres ondi 

the fired ane a speed of recession which is about half 

Shifts as eet pren of recession corresponding to red- 
orentz transfor is must be calculated on the basis of the 

he largest a mation formulae given in Chapter 6.) 

Rot those of di stronomical red-shifts discovered hitherto are 

Objects? (aus istant clusters, but of the so-called ‘quasistellar 

Tecession Sad whose red-shifts correspond to speeds of 

light, Borse are more than nine-tenths of the speed of 

Understood aaa the nature of these objects is not yet 

account Rios so they cannot yet be taken properly into 

a thesrétical ; the astronomical data are used to construct 

gis model. , : 

Universe oa % en how this information about the 
ave seen hee arta into the general relativity theory. We 
escribed as th the gravitational effects of the sun may be 

Gra sibersic ose of a hill in space-time. A galaxy, a cluster, 
P Eora ster may be represented in the same way, but 

We tried t arger hill, because of its much greater mass. If 
istributi © incorporate into this description. details of the 

ution of stars in each galaxy and galaxies in each cluster, 


Wi 
€ should have a very complicated hill with many peaks and 
ribe the whole universe 


v: 
ete We could then try to desc : r 
hills ay which could be represented by a space-time with 
dd > representing the clusters, scattered about in it. Such 
escription. would be mathematically very complicated, 
ecause it would include many ‘geographical’ details not 
essential to a description of the overall appearance of the 
universe. In order to simplify the description, we begin by 
constructing models which preserve what seem to be the 
essential features while leaving out the geographical details. 
The features which we preserve are the large scale uniformity 
and the expansion. The details left out are the precise 
positions, sizes and compositions of the individual galaxies, 


clusters an superclusters. 
Thus we construct model space-times to represent the 
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universe by supposing it to be exactly, 
approximately, uniform. In these simplified models Be 
imagine matter to be smoothed out into a continuous 
distribution instead of being collected into aggregates wat 

large spaces in between them. 

Just as the accumulation of matter into an aggregate cu 
be described by saying that there is a large hill in space-time 
where we see the aggregate, or by saying that space-time 1S 
curved nearby to that aggregate, so the uniform distribution 
of matter in a smoothed-out model of the universe can g 
described by saying that space-time is curved uniformly. The 
effect of smoothing out the matter composing the different 
clusters is to smooth out the corresponding curvature tO 
produce a slight overall curvature. This overall curvature o 
the universe is somewhat analogous to the curvature © j 
sphere in ordinary space, but it is inappropriate to push the 
analogy of curvature with space-time hills any further, by 
comparing the overall curvature of space-time with the 
curvature of the earth, because this can easily become 
misleading. 

The relativity law of gravitation, combined with the 
smoothing-out assumption — the assumption of exact 
uniformity — allows us to construct a variety of models of 
the universe, in which the overall curvature takes a variety 
of different forms. The main effect of this overall curvature 
is that it implies, in some of the models, that the spectra 0 
distant objects will be shifted towards the red. It is largely 
a matter of taste whether this red-shift is attributed to 4 
recessional motion, Or to space-time curvature. The effect 
will appear in one guise or the other, depending on the co- 
ordinate system which is used to describe the T What 
relativity predicts does not, of course, depe a verse. Wh 
of co-ordinate system. PEPR on the choice 

The model universes which we have bee: 


A i: n consideri 
more or less well with observations of the overall ea oes 
erie: 


instead of 
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of our own uni 
the new law ae are others, equally consistent with 
ere is a blue-shift the assumption of uniformity, in which 
Universe, inste: 4 ift, corresponding to a contraction of the 
18 n0 reason me of a red-shift. The existence of such models 
theory is not r rejecting the new theory. It implies that the 
Tequired “an pete — some additional assumption is 
assumptions h will exclude the unwanted models. Various 
Satisfacto ave been suggested, but so far an entirely 

a pes has not been found. 

further, ecto the consequences of expansion a little 
€ rephrased EEA always that what we say may always 
ecessary, Th erms of space-time curvature if that becomes 
Universe is, so e most obvious consequence is that if the 
are getting A aes thinning out — if the clusters of galaxies 
Must have fee er and farther apart, then in the past they 
We were to ee closer together than they are now. Suppose 
a period of ake a movie film of the expanding universe, over 
istory of the ex millions of years, so as to record the whole 
backward: e expansion. If such a film were to be shown 
in revers S, then it would show the history of the universe 
clusters e. Instead of moving away from one another, all the 
of galaxies would appear to be moving towards one 


another. As the film ran back, they would get closer and closer 
ose together that 


t 
Ogether, until presumably they were so cl 
Still further back, 


t 
here were no gaps between them any more. 
between the stars would 


ne May suppose, even the spaces e 2 
e closed up, all the available space being filled up with 
highly condensed hot gas out of which the stars could have 


evolved. 
Recent astronomical observations of short radio waves 
confirm the existence of this highly condensed state. It seems 
of the radio energy arriving at 


that a certain proportion l 
not be attributed to emission by 


receivers on the earthy) cam: 
interstellar gas, but agrees Toe vacl 


stars or by the t 
with what might be expected to be visible now of the radiation 
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; atter 
present in the universe at an early stage when all m 
was in a highly condensed state. pour thi 
However, the Predictions of theoretical models abo 


. own 
condensed state cannot be trusted too far. What is kn 
of the quantum 


sufficiently early 


; ~ out 
important effects, There is no general agreement ab 


d have been so, but in any ee 
s unable to describe such creca 
l of effort is being expended a 
ity theory and quantum theory a 
ctory description, but it is not y 


clear whether any of these developments will be of any 


lasting Significance, 


is rather 5 


1, cae ð the 
All this peculative; it is very likely that 
universe evolved fro 


v m a highly condensed state, and it 2 
even more likely that such a highly condensed stë 
represents the earliest time about which there will ever be 
any scientific information. Whether such a state actually 
occurred is not at present under dispute. Unfortunately; 
some people are inclined to refer to the highly condens? 
State as ‘the beginning of the universe’ or ‘the time ae 
Created? or Something of that kind. peak 
More than ‘the earliest time about sper 
y to be any scientific information’, 2 


: je 
id them, because they carry undesirab 
s. 


, ds 
€ construction of an entirely satisfactory model depen 


The Expanding Universe 123 


ematical difficulties; 


be preferred at any 
mical data. 


On the 
resolvi 
which ile of some serious mathi 
Particular available models is to 
me must depend on the astrono. 


Chapter 12 


Conventions and 
Natural Laws 


; P is to 
One of the most difficult matters in all controversy 1$ 


distinguish disputes about words from disputes about bce 
it ought not to be difficult, but in practice it is. This 1s ae 
as true in physics as in other subjects. In the seventeen 
century there was a terrific debate as to what “force ae 
us now, it was obviously a debate as to how the word ‘for 
should be defined, but at the time it was thought to be muc 
more. One of the purposes of the method of tensors, whic 
is employed in the mathematics of relativity, is to eliminate 
what is purely verbal (in an extended sense) in physical laws- 
It is of course obvious that what depends on the choice 0 
co-ordinates is ‘verbal’ in the sense concerned. A perso? 
punting walks along the boat, but keeps a constant position 
with reference to the river-bed so long as she or he does not 
pick up the pole. The Lilliputians might debate endlessly 
whether the punter is walking or standing still; the debate 
would be as to words, not as to facts. If we choose co-ordinates 
fixed relatively to the boat, the punter is walking; if we choose 
co-ordinates fixed relatively to the tiver-bed, the punter is 
standing still. We want to express physical laws in such a 
way that it shall be obvious when we are expressing the same 
law by reference to two different systems of co-ordinates, sO 
that we shall not be misled into supposing we have different 
laws when we only have one law in different words. This 
may be accomplished by the method of tensors. Some laws 
which seem plausible in one language cannot be translated 
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into another: 
that can apie are impossible as laws of nature. The laws 
Certain AEN slated into any co-ordinate language have 
Or such laws oe ae this is a substantial help in looking 
to be Possible. OFdie as the theory of relativity can admit 
One which predi the possible laws, we choose the simplest 
and experience si the actual motion of bodies correctly: logic 
t pe Pression, ombine in equal proportions in obtaining 
the Ke 
to be ane si arriving at genuine laws of nature is 
areful thou fe the method of tensors alone; a good deal 
een done: m ght is wanted in addition. Some of this has 
Otake $ uch remains to be done. 
ofthe Te asepe illustration: suppose, as in the hypothesis 
Shorter Gatton ee that lengths in one direction were 
Pointing no sane teres Let us assume that a foot-rule 
Pointing aoe is only half as long as the same foot-rule 
es stich a? and that this is equally true ofall other bodies. 
ishing-rod Pee ewmy: have any meaning! If you have a 
you then tur fs teen feet long when it is pointing west, and 
ecauuse your a to the north, it will still measure fifteen feet, 
any shorter. b oot-rule will have shrunk too. It wont ‘look 
> because your eye will have been affected in the 


sam : 
e way. If you are to find out the change, it cannot be 


Y Ordinary measurement: it must be by some such method 
t, in which the velocity 


ae Michelson-Morley experimen à 
light is used to measure lengths. Then you still have to 
decide whether it is simpler tO suppose a change of length 
or a change in the velocity of light. The experimental fact 
would be that light takes longer to traverse what your foot- 
tule declares to be a given distance in one direction than in 
another — or, as in the Michelson—Morley experiment, that 
ke longer but doesn’t. You can adjust your 

ways; in any way you choose 


it ought to t@ 2 - 
measures to such 2 fact in various : 
{ll be an element of convention. This element 


to adopt, there Wer i 
R n the laws that you arrive at after 


not 
ofc 
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you have made your decision as to measures, and often 1t 
takes subtle and elusive forms. To eliminate the elemenia 
convention is, in fact, extraordinarily difficult; the more a 
subject is studied, the greater the difficulty is seen tO of 

A more important example is the question of the size A 
the electron. We find experimentally that all electrons a 
the same size. How far is this a genuine fact ascertaine 
experiment, and how far is it a result of our conventions A 
measurement? We have here two different comparisons i 
make: (1) in regard to one electron at different times; (2) r 
regard to two electrons at the same time. We can then arr a 
at the comparison of two electrons at different times, , y 
combining (1) and (2). We may dismiss any hypothesis whic 
would affect all electrons equally; for example, it would be 
useless to suppose that in one region of space-time they were 
all larger than in another. Such a change would affect our 
measuring appliances just as much as the things measurec, 
and would therefore produce no discoverable phenomena. 
This is as much as to say that it would be no change at 4 l. 
But the fact that two electrons have the same mass, for 
instance, cannot be regarded as purely conventional. Given 
sufficient minuteness and accuracy, we could compare the 
effects of two different electrons upon a third; if they were 
equal under like circumstances, we should be able to infer 
equality in a not purely conventional sense. 

Eddington described the process concerned in the more 
advanced portions of the theory of relativity as ‘world- 
building’. The structure to be built is the physical world as 
we know it; the economical architect tries to construct it with 
the smallest possible amount of material. This is a question 
for logic and mathematics: The greater our technical skill 
in these two subjects, the more Sa building we shall do, 
and the less we shall be ASE te are heaps of stones. 
But before we can use in Si E Sr ae stones that nature 
provides, we have to hew the e right shapes: this 
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is all part of th 
€ possible, ‘inl cca of building. In order that this may 
oe may eg e must have some structure (which 

Ost a ogous to the grain in tl 

ena skin will do. By EE 
they amount : w. ittle away our initial requirements until 
of structure in ri id little. Given this necessary minimum 
Tom it a Sic Taw material, we find that we can construct 
Properties th ematical expression which will have the 
Perceive — in at are needed for describing the world we 
are ace the properties of conservation which 
raw materi ee of momentum and energy (or mass). Our 
that we = eee merely of events; but when we find 
Will seem to ae out of it something which, as measured, 
that we sho a never created or destroyed, it is not surprising 
Mere math, uld come to believe in ‘bodies’. These are really 
to their ees constructions out of events, but owing 
Senses E they are practically important, and our 
are adapted pists presumably developed by biological needs) 
continuum of or noticing, them, rather than the crude 
rom this events which is theoretically more fundamental. 
teal world point of view, it is astonishing how little of the 
limited is revealed by physical science: our knowledge is 
, not only by the conventional element, but also by 


t š 
he selectiveness of our perceptual apparatus. 


The limitations of knowledge introduced by the 
atus may be illustrated 


Selectiveness of our perceptual apparat 

by the indestructibility of energy- This has been gradually 

discovered by experiment, an. seemed a well-founded 
it turns out that, from our 


empirical law of nature. Now } 
original space-time continuum, we can construct a 
ression which will have properties causing 


mathematical exp $ 

it to appear indestructible. The statement that energy is 
indestructible then ceases to be a proposition of physics, and 
becomes instead a proposition of linguistics and psychology. 
Asa proposition of linguistics: ‘Energy’ is the name of the 
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Psychology: Our senses are such that we notice what is roughly 
the mathematical expression in question, and we are le 


The reader may say: What then is left of physics? What 
do we really know about the world of matter? Here we may 
distinguish three departments of physics, There is first what 
i theory of relativity, generalised as 


brought within the Scope of relativity. Thirdly, there is what 
may be called Seography. Let us consider each of these in 


and that, between any two events which are near together 


that ‘absolute Motions’, ‘absolute space’, and 


Enable ae ical law in itself, but rather a useful rule a 
z © reject some r ical laws a 
unsatisfactory, Proposed physic 


€yond this, there ig little in the theory of relativity that 
can be Tegarded as Physical laws. There is a great deal of 
mathematics, showing that certain mathematically- 
constructed quantities must behave like the things We 
Perceive; and there is a suggestion of a bridge between 
Psychology and Physics in the theory that these 
mathematically-constructed quantities are what our senses 


are adapted for Perceiving. But neither of these things is 
Physics in the Strict sense, 


The part of Physics which cannot, at present, be brought 
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within the scope of relativity is large and important. There 
is nothing in relativity to show why there should be electrons 
and protons; relativity cannot give any reason why matter 
should exist in little lumps. This is the province of the 
quantum theory, which accounts for many of the properties 
of matter on the small scale. The quantum theory has been 
made consistent with the special theory of relativity, but 
hitherto all attempts to perform a synthesis of quantum theory 
and general relativity have been unsuccessful. There seem 
to be very severe difficulties in the way of bringing this part 
of physics within the framework of general relativity. At 
present there are equally severe difficulties in the quantum 
theory itself, and many physicists think that a synthesis of 
quantum theory and general relativity might solve some of 
these difficulties. The present situation as we have seen, is 
that general relativity accounts fairly satisfactorily for the 
properties of matter on a very large scale, while quantum 
theory accounts fairly satisfactorily for the properties of matter 
on a very small scale. There is some common ground between 
the two theories, but the work which has been done to unify 
them is still to be regarded as speculative. A few people think 
that general relativity could be extended in such a way as 
to explain all the results that quantum theory explains, but 
in a more satisfactory Way than present quantum theory does. 
Einstein towards the end of his life was one ai m Repe 
who thought this. However, most physicists nowadays thin 


that view is mistaken. 

General relativity is the most extreme example of what may 
-next methods. Gravitation need no longer be 
be called next-to mE 


lanet. 
effect ofthe sun ona planet, nay b 
amie irae haracteristics of the region in 


ing the c reg 
tonara won to be. These hararei ate 
Şi TE e alter bit by bit, gradually, CREE Eee 
b Pp j one moves from one part of spac ! 
y sudden jumps, as may be regarded in 


another. The effects of electromagnetism 
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a similar way, but as soon as electromagnetism is made to 
accord with the quantum theory its character changes entirely. 
The continuous aspect disappears, and is replaced by the 
discontinuous behaviour which as we have already seen 1s 
typical of quantum theory. However, if we try to apply to 


way. When an astronomer observes the sun, the sun pr eserves 
a lordly indifference to the observation. But when a physicist 
appening to an atom, the apparatus 
ger than the thing which is observed, 
T, and is likely to have some effect 
he sort of apparatus best suited for 
on of an atom is bound to affect its 
f apparatus best suited for determining 
© affect its position. This does not cause 
the quantum theory of atoms is made 
pecial theory of relativity, because then 


in space-time, we need 
of geography and hist 


Ory. For the sake of simplicity, I shall 
use the one word ge 


ography in this extended sense. 
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Geography, in this sense, includes everything that, as a 
matter of crude fact, distinguishes one part of space-time from 
another. One part is occupied by the sun, one by the earth; 
the intermediate regions contain light-waves, but no matter 
(apart from a very little here and there). There is a certain 
degree of theoretical connection between different 
geographical facts; to establish this is the purpose of physical 
laws. 

We are already in a position to calculate the large facts about 
the solar system backwards and forwards for vast periods of 
time. But in all such calculations we need a basis of crude 
fact. The facts are interconnected, but facts can only be 
inferred from other facts, not from general laws alone. Thus 
the facts of geography have a certain independent status in 
physics. No amount of physical laws will enable us to infer 
a physical fact unless we know other facts as data for our 
inference. And here when I speak of ‘facts’ I am thinking 
of particular facts of geography, in the extended sense in 


which I am using the term. $ 
In the theory of relativity, We are concerned with structure, 
not with the material of which the structure 1s composed. 


In geography, on the other hand, the material is relevant. 
If there is to be any difference between one place and another, 
there must either be differences between the material in one 
place and that in another, oF places where there 1S paea 
and places where there is oe A: 2 ee terne 
tives seems the more satisfactory- say: T 

are aeo and proto he other cuban eae 
and the rest is empty- pty region 


is nothing there. 
light-waves, so that we © there 3 ae s hea 
A rora ee is more likely than 
where things are, but only that 


e maintain that 
n. P i 
another to find an electron 1 € ma S Fs 
light-waves, and particles as well, are E me 
the aether, others are content to say 
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disturbances; but in any case events are occurring wherever 
there are likely to be light-waves or particles. That is all that 
we can say for the places where there is likely to be energy 
in one form or another, since energy has turned out to be 
a mathematical construction built out of events. We may say» 
therefore, that there are events everywhere in space-time, but 
they must be of a somewhat different kind according as We 
are dealing with a region where there is very likely to be an 
electron or Proton, or with the sort of region we should 
ordinarily call empty. But as to the intrinsic nature of these 
events we can know nothing, except when they happen to 
be events in our own lives. Our own perceptions and feelings 
must be part of the crude material of events which physics 
arranges into a pattern — or rather, which physics finds to 

€ arranged in a pattern. As regards events which do not form 
Part of our own lives, physics tells us the pattern of them, 


butis quite unable to tell us what they are like in themselves: 
Or does it seem Possible that this should be discovered by 
any other method, 


Chapter 13 


The Abolition of 
‘Force’ 


In the Newtonian system, bodies under the action of no forces 
move in straight lines with uniform velocity; when bodies 
do not move in this way, their change of motion is ascribed 
to a ‘force’. Some forces seem intelligible to our imagination: 
those exerted by a rope or string, by bodies colliding, or by 
any kind of obvious pushing or pulling. As explained in an 
earlier chapter, our apparent imaginative understanding of 
these processes is quite fallacious; all that it really means is 
that past experience enables us to foresee more or less what 
is going to happen without the need of mathematical 
calculations. But the ‘forces’ involved in gravitation and in 


the less familiar form of electrical action do not seem in this 
way ‘natural’ to our imagination. It seems odd that the earth 
can float in the void: the natural thing to suppose is that it 


must fall. That is why it has to be supported onan elephant, 
and the elephant on a tortoise, according to some early 
speculators. The Newtonian theory, 1n addition 2 ge z 
a distance, introduced two other imaginative nore en 
first was, that gravitation is not always and Gar y EE 
what we should call ‘downwards’, 1.€- towards i H T 
the earth. The second was, thata body going roun rae on n 
in a circle with uniform velocity 1S not moving i o ai 
in the sense in which that phrase is applied g the rono 
of bodies under no forces, but is perpetually sah eae 

out of the straight course towards the gam z E 
which requires a force pulling it in thal 
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‘ nets are 
Hence Newton arrived at the view that ne Pein 
attracted to the sun by a force, which is ca P Ri 
This whole point of view, as we have He ARE 
by relativity. There are no longer such thi = ‘straightest 
lines’ in the old geometrical sense. There st avant 
lines’, or geodesics, but these involve time Ta PERE A 
A light-ray passing through the solar system E eG 
the same orbit as a comet, from a geometr The whole 
view; nevertheless each moves in a ee hatalar 
imaginative picture is changed. A poet mig $ 7 a physicist 
runs downhill because it is attracted to the sea, A iedoesa 
or an ordinary mortal would say that it otha ibat Poni 
each point, because of the nature of the ground a AUE 
without regard to what lies ahead of it. Just as t E i 
not cause the water to Tun towards it, so the sun acount 
Cause the planets to move round it. The planets moy inthe 
the sun because that is the easiest thing to do 


; o 
5 f f : ng to d 
technical sense of ‘least action’, It is the easiest thing 
because of the Nature of th 


because of an infl 


A <b s ‘force’ 
The Supposed necessity of attributing gravitation to a 
attracting the pla 


e 
i om th 
nets towards the sun has arisen fr 
determination to 


A jmenta: 
intervals can be compared by experim 
methods, you will soon gj 


i r 
š i 5 e you 
be reconciled with the results of observation, and realise y 
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mistake. If you insist on adhering to the Euclidean formula 
notwithstanding, then you will have to attribute the discrepancy 
between formula and observations to some influence which is 
present and which affects the behaviour of test bodies. You will 
introduce an additional agency to which you can attribute the 
consequences of your mistake. The name given to any agency 
which causes deviation from uniform motion ina straight line 
is force according to the Newtonian definition of force. Hence 
the agency invoked through your insistence on the Euclidean 
formula for interval is described as a ‘field of force’. 


If people were to learn to conceive the world in the new way, 
without the old notion of force’, it would alter not only their 
physical imagination, but probably also their morals and 

ter effect would be quite illogical, but is none 


politics. The lat 
the less probable on that account. In the Newtonian theory 


of the solar system, the sun seems like a monarch whose 
behests the planets have to obey. In the Einsteinian world 
there is more individualism and less government than in the 
Newtonian. There is also far less hustle: we have seen that 
laziness is the fundamental law of the Einsteinian universe. 

‘dynamic’ has come to mean, in newspaper 
ee ieee and forceful’; but if it meant ‘illustrating 


inci ics’, i lied to people 
the principles of dynamics > it ought to be apphed | | 
SE EPer trees waiting for the fruit to drop into their 
mouths. I hope that j in future, when they speak 


ournalists, F ? 
of a ‘dynamic personality’, will mean a person who does what 
is least trouble at the moment, 


without thinking of remote 
consequences. If I can contribute to this result, Į shall not 
have written in vain. 


The abolition of 


substitution of sight for to S 


Sean, Chie a Se nett pushed it. In 
moves, we do not thin thai I S 
places where there are two large mirrors opposite to each 
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other, you may see innumerable reflections of the same ne 
Suppose that someone wearing a hat is standing between t 
mirrors, there may be twenty or thirty hats in the reflecuon a 
Suppose now somebody comes and knocks off the hat wit 
a stick: all the other twenty or thirty hats will tumble gora 
at the same moment. We think that a force is needed to knoc 
off the ‘real’ hat, but we think the remaining twenty or thirty 
tumble off, so to speak, of themselves, or out ofa mere passion 


for imitation. Let us try to think out this matter a little more 
seriously. 


not in a mirror. But nothing has 
Point of view of touch or hearing. When 
it makes a noise; the twenty or thirty 
Out a sound. If it falls on your toe, you 
: ve that the twenty or thirty people in the 
mirrors feel nothing, though hats fall on their toes too. But 
Tue of the astronomical world. It makes 

sound cannot travel across a vacuum. So 
far as we know, it causes no ‘feelings’, because there is nO 
one on the spot to ‘feel it. The astronomical world, therefore; 
yems hardly more ‘reap? or ‘solid’ than the world in the 
ie oing glass, and has just as little need of ‘force’ to make 

ove. 


that a indulging in idle ponte 
y ay, ‘the i i irror 1S 
reflection of somethi pa, daithe hat T, only 
falls off because of the force applied to the real hat. The hat 
in the mirror cannot indulge in behaviour of its own; it has 
to copy the real one, This shows how different the image 
is from the sun and the Planets, because they are not oblige 


to be Perpetually imitating a prototype. So you had better 
8ive up pretending that an image is just as real as one of the 
heavenly bodies,’ 
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some truth in this; the point is to 
In the first place, images are not 
n image, certain perfectly real 
d if you hang a cloth over the 


„There is, of course, 
discover exactly what truth. 
‘imaginary’. When you see a 
light-waves reach your eye; an 
mirror, these light-waves cease to exist. There is, however, 
a purely optical difference between an ‘image’ and a ‘real’ 
thing. The optical difference is bound up with this question 
of imitation. When you hang a cloth over the mirror, it makes 
no difference to the ‘real’ object; but when you move the 
‘real’ object away, the image vanishes also. This makes us 
say that the light-rays which make the image are only reflected 
at the surface of the mirror, and do not really come from 
a point behind it, but from the ‘real’ object. We have here 
an example of a general principle of great importance. Most 
of the events in the world are not isolated occurrences, but 
members of groups of more or less similar events, which are 
such that each group is connected in an assignable manner 
with a certain small region of space-time. This is the case 
with the light-rays which make us see both the object and 


its reflection in the mirror: they all emanate from the object 
globe round the object at 


flection are invisible 
seen that gravitation, 
n at a distance, is still 


a certain distance, the ob 
at any point outside the globe. We have 
although no longer regarded i 
connected with a centre: there is, so to speak, a hill 
symmetrically arranged about its summit, and the summit 
is the place where we conceive the body to be which is 
connected with the gravitational field we are considering. For 
simplicity, common sense lumps together all the events TE 
form one group in the above sense. When two eee e se 

the same object, two different events occur, but K ey are 
events belonging to one group and connected with the same 
centre. Just the same applies when two people (as we say) 
hear the same noise. ‘And so the reflection 1n à mirror is less 
‘real’ than the object reflected, even from an optical point 
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k irections from 
of view, because light-rays do not spread in all recon ra 
the place where the image seems to be, but on yı et refleta 
in front of the mirror, and only so long as the obje: f grouping 
remains in position. This illustrates the usefulness ee been 
connected events about a centre in the way we 

idering. jects, 
ane examine the changes in such a SnD ore 
we find that they are of two kinds: there are t n eh Tae 
affect only some member of the group, and those oe “Ifyou 
connected alterations in all the members of the ata cloth 
put a candle in front of a mirror, and Sa CEET 
over the mirror, you alter only the reflection o. 


Iter 
S, you a 

as seen from various places. If you shut your eyes, y 

its appearance to you, 


you put a red globe ro: 
its appearance at any 
at any distance less t 


er 
und it at a distance of a foot, yi oar 
distance greater than a foot, ou do 
han a foot. In all these cases, y inall 
Not regard the Candle itself as having changed; in M 
of them, you find that there are groups of changes ¢ entres. 
with a different centre or with a number of different Sot the 
When you shut your eyes, for instance, your T t o 
candle, look ifferent to any other observer: the c u blow 
the changes that occur is in your eyes. But when a in this 
out the Candle, its appearance everywhere is change dle The 
case you say that the change has happened to the brent the 
changes that Appen to an object are those eae All this 
whole group Of events which centre about the object. sate 
is only an interpretation of common sense, and an: f the 
to explain w at we mean by saying that the ee re is 
Candle in the Mirror is less ‘real’ than the candle. The Jace 
NO connected Sroup of events situated all round yeas 
where the image Seems to be, and changes in the maps This 
about the candle, not about a point behind the mir the 
gives a perfectly verifiable meaning to the State nables 
image is ‘only’ a Teflection. And at the same time it e 


e. If 
but not its appearance elsewher 


at le | tue 
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us to regard the heavenly bodies, although we can only see 
and not touch them, as more ‘real’ than an image in a looking- 
glass. 

We can now begin to interpret the common-sense notion 
of one body having an ‘effect’ upon another, which we must 
do if we are really to understand what is meant by the 
abolition of ‘force’. Suppose you come into a dark room and 
switch on the electric light: the appearance of everything in 
the room is changed. Since everything in the room is visible 
because it reflects the electric light, this case is really 
analogous to that of the image in the mirror; the electric light 
is the centre from which all the changes emanate. In this case, 
the ‘effect’ is explained by what we have already said. The 
more important case is when the effect is a movement. 
Suppose you let loose a tiger in the middle ofa Bank Holiday 
crowd: they would all move, and the tiger would be the centre 
of their various movements. A person who could see the 
people but not the tiger would infer that there was something 
repulsive at that point. We say 1n this case that the tiger has 
an effect upon the people, and we might describe the a s 
action upon them as of the nature of a pee RE à 
know, however, that they fly because of somet a pi n 
happens to them, not merely because the tiger IS 


is. They fly because they can see and hear it, that is to say, 
because certain wave and ears. If these waves 


s reach their eyes Aa ae 
could be made to reach them without there ein; 3 
they would fly just as fast, because the neighbourhood would 
seem to them just a 


s unpleasant. — ; R 
ow appl similar considerations to the sun 
sentient The ee exerted by the sun only pe as 
that exerted by the tiger in being mee ; ae ead 
repulsive. Instead of acting through vias 2 as o ie 
the sun acquires its apparent power throug! ia e 
are modifications of space-time all round the sun- 


Like the 
i i ce; as 
noise of the tiger, they ate more intense near their source, 
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we travel away they grow less and less. To say that the sun 
‘causes’ these modifications of space-time is to add nothing 
to our knowledge. What we know is that the modifican 
proceed according to a certain rule, and that they are groupe! 


symmetrically about the sun as centre. The language of cause 
and effect adds onl 


connected with 


What we can more or less ascertain is merely the formula 
according to which Space-time is modified by the presence 
of gravitating matter, More correctly: we can ascertain what 
kind of space-time is the Presence of gravitating matter. When 
Space-time is not accurately Euclidean in a certain reat 
acter which grows more an 

h a certain centre, and when, 
Euclid obeys a certain law, we 
briefly by saying that there is 


d? This question, however, being a large 
parate chapter. 


Chapter 14 


What is Matter? 


The question ‘What is matter?’ is of the kind that is asked 
by metaphysicians, and answered in vast books of incredible 
obscurity. But I am not asking the question as a meta- 
physician: I am asking it as a person who wants to find out 
wat the mer of ae et hav 
y. It is obvious from what we have 

learned of that theory that matter cannot be conceived quite 
as it used to be. I think we can now say more or less what 
the new conception must be. 
There were two traditional conceptions of matter, both of 
which have had advocates ever since scientific speculation 
began. There were the atomists, who thought that matter 
consisted of tiny lumps which could never be divided; these 
were supposed to hit each other and then bounce off in 
various ways. After Newton, they were no longer supposed 
actually to come into contact with each other, but to attract 
and repel each other, and move in orbits round each other. 
Then there were those who thought that there is matter of 
some kind everywhere; and that a true vacuum is impossible. 
Descartes held this view, and attributed the motions of the 
planets to vortices in the aether. The Newtonian theory of 
gravitation caused the view that there is matter everywhere 
to fall into discredit, as light was thought by 


Newton and his succes: due to actual particles 
travelling from the sou ht. But when this view 


rce of the light. 
of light was disproved, and it was shown 
of waves, the aether was revive 


so that there should be 
something tO undulate- The aether became still more 
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art in 

respectable when it was found to play the a ce light. 
electromagnetic phenomena as in the propaga bea meee 
It was even hoped that atoms might turn out to viet 
of motion of the aether. At this stage, the ee 
matter was, on the whole, getting the worst J r physics 

Leaving relativity aside for the moment, Anay tee 
has provided proof of the atomic structure of or sone aha 
while not disproving the arguments in favour o. it wake 
to which no such structure is attributed. The ae plying 
sort of compromise between the two views, the one SPP ee 
to what was called ‘gross’ matter, the other to t A 
There can be no doubt about electrons and E = atoms 
as we shall see shortly, they need not be conceived a ei 
were conceived traditionally. The truth is, I ae oon 
relativity demands the abandonment of the old co TENE 
of ‘matter’, which is infected by the metaphysics as eit 
with ‘substance’, and Tepresents a point of view no Bes 
necessary in dealing with phenomena. This is what w 
now investigate. > ich 

In the ien, a piece of matter was something Ma 
survived all through time, while never being at unas is 
one place at a given time. This way of looking at t f space 
obviously connected with the complete separation ©: see 
and time in which people formerly believed. Whe rally 
substitute space-time for space and time, we shall Seapets 
expect to derive the physical world from constituents W ri 
are as limited in time as in space. Such constituents are W 


2 like 
we call ‘events’, An event does not persist and move, 
the traditional pi 


ece of matter; it merely exists for its lrs 
moment and then ceases, A piece of matter will th p an 
resolved into a series of events. Just as, in the old view, i 
extended body was composed of a number of particles, de 
now, each particle, being extended in time, must be TOREN ie 
as composed of what we may call ‘event-particles’. The y the 
series of these events makes up the whole history © 
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particle, and the particle is regarded as being its history, not 
some metaphysical entity to which the events happen. This 
view is rendered necessary by the fact that relativity compels 
us to place time and space more on a level than they were 
in the older physics. 
This abstract requirement must be brought into relation 
with the known facts of the physical world. Now what are 
the known facts? Let us take it as conceded that light consists 
of waves travelling with the received velocity. We then know 
a great deal about what goes on in the parts of space-time 
where there is no matter; we know, that is to say, that there 
are periodic occurrences (light-waves) obeying certain laws. 
These light-waves start from atoms, and the modern theory 
of the structure of the atom enables us to know a great deal 
about the circumstances under which they start, and the 
reasons which determine their wave-lengths. We can find out 
not only how one light-wave travels, but how its source moves 
relatively to ourselves. But when I say this I am assuming 
that we can recognise a source of light as the same at two 
This is, however the very thing 

ch ead coe investigated. ter, how 4 group of 
o each other by 
i Such a 


a law, and all ranged a of the 


group of events a 
light-waves emitte ya 1 : 
i i happening al 
to suppose that anything particular a ; appe 
certainly we do not need to ey e 
happening there. What w ao 
geometry, the group of eve 
a centre, like wi ) c m 
touched n We can hypothetically inven! 
is to have happen : 
the consequent disturbance 1s t eee ypo 
occurrence will then appear tO co 


144 ABC of Relativity 


of the disturbance. It will also count as one event in 
biography of the Particle of matter which is suppos 
Occupy the centre of the disturbance. BEB a 
Now we find not only that one light-wave travels o in 
from a centre according to a certain law, but Teo EA 
general, it is followed by other closely similar light Ta 
e sun, for example, does not change its srpa a 
suddenly; even if a cloud passes across it during a hig atin 
the transition is gradual, though swift. In this way a g i 
of occurrences connected with a centre at one point of = as 
time is brought into relation with other very similar gr For 
whose centres are at neighbouring points of space-time. ee 
each of these other Sroups common sense invents ar 
hypothetical occurrences to occupy their centres, anc E 
al occurrences are part of one hiso 
ts a hypothetical ‘particle’ to w Ai 
rences are to have occurred. It is eae 
ypothesis, perfectly unnecessary er 
at anything that can be called ‘matt 
word. 
necessary hypotheses, we shall me 
moment is the various evens 
<n the surrounding medium which, in ordinary jangan 
would be said to be ‘caused? by it. But we shall not take th o 
disturbances at what is, for us, the moment in question, os i 
depend upon the observer; we sha 


that is to Say, it inven 


ined as being the atom at a sigit 
ment. In this way, we preser ae 
ut having recourse to unnecess a 
tities, and we remain in harmina 
of economy which has enabled 
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ar away so much useless lumber. 


Common sense imagines that when it sees a table it sees 
a table. This is a gross delusion. When common sense sees 
a table, certain light-waves reach its eyes, and these are of 
a sort which, in its previous experience, has been associated 
with certain sensations of touch, as well as with other people’s 
testimony that they also saw the table. But none of this ever 
brought us to the table itself. The light-waves caused 
occurrences in our eyes, and these caused occurrences in the 
optic nerve, and these in turn caused occurrences in the brain. 
Any one of these, happening without the usual preliminaries, 
would have caused us to have the sensations we call ‘seeing 
the table’, even if there had been no table. (Of course, if matter 
be interpreted as a group of occurrences, this 
to the eye, the optic nerve and the brain.) 
As to the sense of touch when we press the table with our 
fingers, that is an electric disturbance on the electrons and 


protons of our finger-tips, produced, according to modern 
ty of the electrons and protons 1n the 


physics, by the proximity of th 
table. If the same disturbance in our finger-tips arose in any 
other way, We should have the sensations, in spite of vee 
being no table. The testimony of others 1s obvia y a 
secondhand affair. A witness in a law court, if asked “ae a 
she or he had seen some occurrence, would not be al! sa 

to reply that she or he believed so because of the ee y 
of others to that effect. In any case, testimony con a 
sound-waves and demands psychological as << j F a E 
interpretation; its connection with the object 1s are 


indi when we say t 
indirect. For all these reasons, WHE s 
‘sees a table’, we use a highly abbreviated form of expression, 


concealing complicated and difficult inferences, the validity 


i well be open to question. ; 
poe ae in danger of becoming entangled in 


i idi n. Let 
psychological questions, which we must avoid mae pee 
us therefore return to the purely physical p 


theory of relativity to cle: 


in general is to 
must apply also 
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hing 
What I wish to suggest may be put as follows. a oa 
that occurs elsewhere, owing to the existence of ts : it occurs 
be explored experimentally, at least m theory, un = ‘effects’. 
in certain concealed ways. An atom is known by i ion which 
But the word ‘effects’ belongs to a view of epee not fit 
will not fit modern physics, and in particular a groups 
relativity. All that we have a right to say is that pery hbouring 
of occurrences happen together, that is to say, in nee Br 
parts of space-time. A given observer will regard 3 2 observer 
of the group as earlier than the other, but, anothe when the 
may judge the time-order differently. And even e really 
time-order is the same for all observers, all that PA works 
ave is a connection between the two events, para past 
equally backwards and forwards. It is not true We which 
determines the future in some sense other than that in is only 
the future determines the Past: the apparent difference future 
due to our ignorance, because we know less about the ight 
than about the Past. This is a mere accident: there anes 
be beings who would remember the future and have to ‘ould 
the past. The feelings of Such beings in these matters Mie 
be the exact Opposite of our own, but no more fallaci sics 
It seems fairly clear that all the facts and laws of phys i 
can be interpreted without assuming that ‘matter’ is anyt 


À hich 
more than groups of events, each event being of the sort whic 
we should natu; 


n 
Tally regard as ‘caused’ by the mpearett 
question. This does Not involve any change in the TE E 
or formulae of Physics: itis merely a question of interpreta 
of the symbols, M N 
This latitude in interpretation is a characteristic t 
mathematical Physics. hat we know is certain very DE 
logical relations, which we express in mathematical formna 
ain points, we arrive at results W ae 
ing tested experimentally. Take, for Sau o 
servations by which the prediction is 
relativity theory as to the behaviour of light were confirm! 
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The formulae which were to be verified were concerned with 
the course of light in interplanetary space. Although the part 
of these formulae which gives the observed result must always 
be interpreted in the same way, the other part of them may 
be capable of a great variety of interpretations. The formulae 
giving the motions of the planets are almost exactly the same 
in Einstein’s theory as in Newton’s, but the meaning of the 
formulae is quite different. It may be said generally that, in 
the mathematical treatment of nature, we can be far more 
certain that our formulae are approximately correct than we 
can be as to the correctness of this or that interpretation of 
them. And so in the case with which this chapter is concerned; 
the question as to the nature of an electron or a proton is 
by no means answered when we know all that mathematical 
physics has to say as to the laws of its motion and the laws 
of its interaction with the environment. A definite and 
conclusive answer to our question is not possible; just because 
a variety of answers are compatible with the truth of 
mathematical physics. Nevertheless some ana : ee 
preferable to others, because some have a aes Pia 2 A a 
in their favour. We have been seeking, in this chap ae 
define matter SO that there must be See a thine : ae 
formulae of physics are true. If we had ma pe ' z ee 
such as to secure that a particle of matter shou 


one thinks of as substantial, a hard, definite umm E an 
not have been sure 


i sts. 
that any such thing exists. + 
i rable 
our definition, though it may seem complicated, is prefe 
from the point of view of logical economy 
caution. 


Chapter 15 


Philosophical 
Consequences 


The philosophical consequences of relativity are neither 
great nor so startling as is sometimes thought. It throws Me 
little light on time-honoured controversies, such as it 
between realism and idealism. Some people think pe 
supports Kant’s view that space and time are ‘subjective , a É 
are ‘forms of intuition’. I think such people have been mis es 
by the way in which writers on relativity speak of be 
observer’. It is natural to suppose that the observer 1s a hum 
being, or at least a mind; but it is just as likely to be a 
photographic plate or a clock. That is to say, the odd results 
as to the difference between one ‘point of view’ and another 
are concerned with ‘point of view’ in a sense applicable to 
physical instruments just as much as to people with 
perceptions. The ‘subjectivity’ concerned in the theory of 
relativity is a physical subjectivity, which would exist equally 
if there were no such things as minds or senses in the world. 
Moreover, it is a strictly limited subjectivity. The theory 
does not say that everything is relative; on the contrary, it 
gives a technique for distinguishing what is relative from what 
belongs to a physical occurrence in its own right. If we are 
going to say that the theory supports Kant about space an 


time, we Shall h: 


ave to say that it refutes hi 7 
i 1 im about space 
time. In my view, nei : 


ther statement is 

; > correct. I see no reason 
yoy 08 pue Fee $» Philosophers should not all stick to the 
views they B eae held. There were no conclusive 
arguments 07 either side before, and there are none now; 
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o hold either view shows a dogmatic rather than a scientific 
emper. 

Nevertheless, when the ideas involved in relativity theory 
have become familiar, as they will do when they are taught 
in schools, certain changes in our habits of thought are 
likely to result, and to have great importance in the long 
run. 

One thing which emerges is that physics tells us much less 
about the physical world than we thought it did. Almost all 
the ‘great principles’ of traditional physics turn out to be like 
the ‘great law’ that there are always three feet to a yard; others 
turn out to be downright false. The conservation of mass 
may serve to illustrate both these misfortunes to which a ‘law’ 

is liable. Mass used to be defined as ‘quantity of matter’, 
and as far as experiment showed it was never increased or 
diminished. But with the greater accuracy of modern 
measurements, curious things were found to happen. In the 
first place, the mass as measured was found to se with 
the velocity; this kind of mass was found to be real y the same 
thing as energy. This kind of mass is not constant for a given 
body. The law itself, however, is to be regarded as a truism, 
e of the ‘law’ that there are three feet to a yard; 
of the natur our methods of measurement, and does not 
it results from rty of matter. The other kind of mass 
xpress a genuine prope y ne R a > 
99) all ‘proper mass’, is that which is found to 
wia katea observer moving with the body. This is 
whe ordiniaty terrestrial case where the body we are weighing 


is not flying through the air, The me mass! ofa 


is very nearly constant, but not quite, One would APpore 
that if you have four 1 Ib. weights, and you put them all 
together into the scales, they will together weigh 4 Ib TR 

is a fond delusion: they weigh rather less, though not enou i 
less to be discovered by even the most careful measurements 

In the case of four hydrogen atoms, however, when they are 
put together to make one helium atom, the defect is 
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Noticeable; the helium atom weighs measurably less than four 
Separate hydrogen atoms. : 

Broadly speaking, traditional physics has collapsed into two 
Portions, truisms and geography. out 

The world which the theory of relativity presents to | m 
imagination is not so much a world of ‘things’ in wane 
as a world of events. It is true that there are still ania 
which seem to persist, but these (as we saw in the precedi s 
chapter) are really to be conceived as strings of conn 
events, like the successive notes of a song. It is events t! if 
are the stuff of relativity physics. Between two events whic 1 
are Not too remote from each other there is, in the oe 
theory as in the special theory, a measurable relation one 
‘interval’, which appears to be the physical reality of Mae 
lapse of time and distance in space are two more or les 
confused representations, Between two distant events, there 
is not any one definite interval. But there is one way of 
moving from one event to another which makes the sum 0 
all the little intervals along the route greater than by any other 
route. This route is called a ‘geodesic’, and it is the route 
which a body will choose if left to itself. 


The whole of relativity physics is a much more step-by- 
LP matter than the physics and geometry of former days- 
Euclidean Straight lines have to be replaced by light-ray5» 
come up to the Euclidean standard © 
en they pass near the sun or any other phe 
€ sum of the angles ofa triangle is still though 
small regions of empty space 
n. Nowhere can we find a Pen 
ometry is exactly true. ositions W. 
used to be Proved by etic eee ee either 
Or merely approximate truths verified by 


heavy body. Th 
to be two tight 
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power of proving facts grow less and less. Logic used to be 
thought to teach us how to draw inferences; now, it teaches 
us rather how not to draw inferences. Animals and children 
are terribly prone to inference: a horse is surprised beyond 
measure if you take an unusual turning. When men began 
to reason, they tried to justify the inferences that they had 
drawn unthinkingly in earlier days. A great deal of bad 
philosophy and bad science resulted from this propensity. 
‘Great principles’, such as the ‘uniformity of nature’, the ‘law 
of universal causation’, and so on, are attempts to bolster 
up our belief that what has often happened before will happen 
again, which is no better founded than the horse’s belief that 
you will take the turning you usually take. It is not altogether 
easy to see what is to replace these pseudo-principles in the 
ence; but perhaps the theory of relativity gives 
f the kind of thing we may expect. Causation, 
no longer has a place in theoretical physics. 
ich takes its place, but 


practice of scii 
us a glimpse 0 
in the old sense, 
There is, of course, something else which take t 
the substitute appears to have a better empirical foundation 
than the old principle which it has superseded. —— 
The collapse of the notion of one allem ee n 
which all events throughout the ua enhy n 2 ee 
i run affect our Views 25, 
ear many other matters. For instance, tee 
whether, on the whole, there 1S progress in the on vi ane 
depend upon our a measure of time. 


ks. 
one out of a num sere on 
that the universe 1$ P. a ee 
American thinks it is; if ae 
spas ae av could imagine. Thus 
a 


i her true nor false, but 
optimism and pess! 


depend upon the choi 
The effect of this upon a ; 
devastating. The poe o 


rogressing as 


emotion is 
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Jie A 
One far-off divine even ¥ ” 
To which the whole creation move 


tion moves 
But ifthe event is sufficiently far off, and ne 5 ies event has 
sufficiently quickly, some Parts will judge t SS it is still in 
already happened, while others will judge t 

the fu 


ine ought 
ture. This spoils the poetry. The second lin 
to be: 


e 
s mov! 
: ile:others o 
To which some parts of the creation move, wh away from it 


But this won’t do. 


Free re enuine 
be destroyed by alittle mathematics is neither very g 
Nor very valuable, But 


d to 
this line of argument would ee 
ictorian age, which lies outside ree muc! 

What we know about the physical world, I repeat, bodies 
more abstract than was formerly supposed. BETWEEN these 
S, Such as light-waves; of the re can be 
now something — just so much a nature 

“matical formulae — but of their aw in 
we know nothin - Of the bodies themselves, as we s even 
the preceding chapter, we know so little that we se roups 
nything: they may be ba i 
Places, those events which we 


hat i 
: i i essing 

Certain formal logical properties exp. 

Structure, < so that g 

its ch 

clear, B scores 

y h € piece of music as printed in the 

there is a Certain reg 


“ped aS 
“mblance, which may be see sort 
cture. The resemblance is of suc 
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tae ae yo know n rules, you can infer the music from 
ES r e score from the music. But suppose you had 
stone-deaf from birth, but had lived among musical 
people. You could understand, if you had learned to speak 
and to do lip-reading, that the musical scores represented 
something quite different from themselves in intrinsic quality. 
though similar in structure. The value of music would be 
completely unimaginable to you, but you could infer all its 
mathematical characteristics, since they are the same as those 
of the score. Now our knowledge of nature is something like 
this. We can read the scores, and infer just so much as our 
stone-deaf person could have inferred about music. But we 
have not the advantages which that person derived from 
association with musical people. We cannot know whether 
the music represented by the scores is beautiful or hideous; 
perhaps, in the last analysis, we cannot be quite sure that 
the scores represent anything but themselves. But this is a 
doubt which the physicist, ina professional capacity, cannot 


entertain. 
Assuming th 


Jaimed for physics, it 
does not tell us what it is that changes, or what are its various 
us such things as that changes follow each 

ith a certain speed. Even now 


states; it only tells 
other periodically; or spread wit n Nt 
we are probably not at the end of the process of sippe 
away what is merely imagination, 1n order to reach the on 
of true scientific knowledge. The theory of relativity has 
accomplished a very great deal in this respects and in ea 
so has taken us nearer and nearer to bare een wae 
is the mathematicians” goal — not because it is the on : E 
which interests them as human beings, but bee : ae 
only thing that they can express 11 mathen Nace 
But far as we have travelled in the direction 0 ; 
it may be that we shall have tO travel farther stit. ; 
author’s Introduction 


iti i e present 
! For the definition of ‘structure’ See the p 


to Mathematical Philosophy. 


e utmost that can bec 
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d 
be calle 
In the preceding chapter, I suggested what may 


e in which 
a minimum definition of matter, that is to Sayy is compatible 
Matter has, so to speak, as little ‘substance PREE of this 
with the truth of physics. In adopting a de ie will exist, 
kind, we are playing for safety: our tenuous ee d to make 
even if Something more beefy also exists. We ane Austen, 
our definition of matter, like Isabella’s gruel n 1 | into error 
‘thin, but Not too thin’, We shall, however, ae than this. 
if We assert Positively that matter is nothing T a colony 0 
Leibnitz thought that a Piece of matter is rea Ls ng, thoug: 
Souls. There js Nothing to show that he was wr 


wno 
5 5 ight: we kno 
there is also nothing to show that he was right 

More about it eith 


a 
nd faun 
M er way than we do about the flora a 
th haracter 0 
i ara 
To the non-mathematical mind, the abstract c 
our physical know] 


nowledge may seem satisfactory ae 
artistic or imaginative Point of view, it is perhaps t fequence: 
but from a Practical point of view it is of'no cons 1 power. 
Abstraction, difficult as it is, is the Source of practica 


ct 
7 abstra! 
financier, whose dealings with the world are more 

than those o; 


$ more 
any other ‘practical’ person, is mee deal 
Powerful than any other practical Person. Financiers either: 
in wheat or Cotton without needing ever to have seen down: 
all they need to know is Whether the price will go up ompare 
is is abstract mathematical knowledge, at least as Pa sicist, 
to the knowledge Of the agriculturist. Similar ly the p. vf its 
Who knows Nothing of Matter except certain mae o 
movements, nevertheless knows enough to be rf s 0 
Manipulate it, After Working through whole See 
“quations, in which the symbols stand for eee arrives 
intrinsic nature can never be known to us, the physicist of our 
t which can € interpreted in oes offects 
> and utilised to bring about desired zi an 
in our own lives. Wh t we know about matter, a ee ite 
schematic as it is, is enough, in Principle, to tell us the 
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according to which it produces perceptions and feelings in 
ourselves; and it is upon these rules that the practical uses 


of physics depend. 

The final conclusion is that we know very little, and yet 
it is astonishing that we know so much, and still more 
astonishing that so little knowledge can give us so much 


power. 


THE AUTOBIOGRAPHY OF BERTRAND RUSSELL 


d 
‘Three passions, simple but overwhelmingly strong, have ee 
my life: the longing for love, the search for knowledge, gts great 
able pity for the suffering of mankind. These passions, li BA 7 
winds, have blown me hither and thither ... over a deep oc 
anguish, reaching to the very verge of despair.’ 


F d 
Thinker, philosopher, mathematician, educational poor aa 5 
experimenter, champion of intellectual, social and sexual fre trand 
campaigner for peace and for civil and human rights, pat ing 
Russell led a life of incredible variety and richness. In ke Paa 
with his character and beliefs, his life-story is told with V, 
disarming charm and total frankness. His childhood was bit ent 
lonely but unusually rich in experience. His adult-life was Ee 
grappling both with his own beliefs and the problems © ent 
universe and mankind, and the pursuit of love and pera TNE 
happiness which resulted in no less than five marae vivid 
fany storms and episodes of his life are recalled with the iting 
freshness and ‘clarity which charcterised all Russell’s wri 


s A ; lf- 
and which make this perhaps the most moving literary S¢ 
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